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ABSTRACT 
Biological macromolecules self-assemble under entropic forces to form a 
dynamic 20 interfacial medium where the elastic properties arise from the curvature of 
the entropic potential of the interface. Elastic interfaces should be capable of propagating 
localized perturbations analogous to sound waves. However, (1) the existence and (2) the 
possible role of such waves in affecting biological functions remain unexplored. Both 
these aspects of "sound' as a signaling mechanism in biology are explored 
experimentally on mixed monolayers of lipids-fluorophores-proteins at the air/water 
interface as a model biological interface. 
This study shows - for the first time - that the nonlinear susceptibility near a 
thermodynamic transition in a lipid monolayer results in nonlinear solitary sound waves 
that are of 'all or none ' nature. The state dependence of the nonlinear propagation is 
characterized by studying the velocity-amplitude relationship and results on distance 
dependence, effect of geometry and collision of solitary waves are presented. Given that 
the lipid bilayers and real biological membranes have such nonlinearities in their 
susceptibility diagrams, similar solitary phenomenon should be expected in biological 
membranes. In fact the observed characteristics of solitary sound waves such as, their all 
Vll 
or none nature, a biphasic pulse shape with a long tail and optp-mechano-electro-thermal 
coupling etc. are strikingly similar to the phenomenon of nerve pulse propagation as 
observed in single nerve fibers. 
Finally given the strong correlation between the activity of membrane bound 
enzymes and the susceptibility and the fact that the later varies within a single solitary 
pulse, a new thermodynamic basis for biological signaling is proposed. The state of the 
interface controls both the nature of sound propagation and its impact on incorporated 
enzymes and proteins. The proof of concept is demonstrated for acetylcholine esterase 
embedded in a lipid monolayer, where the enzyme is spatiotemporally "knocked out" by a 
propagating sound wave. 
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1 INTRODUCTION 
1.1 Motivation: Anomalies in Current Understanding of Nerve Pulse Propagation 
Since antiquity, questions of mind and body have intrigued mankind. The quest into the 
consciousness, the very state of being aware, led philosophers to the deepest realms of 
metaphysical world. However, till 1647, when Descartes wrote the treaties on Description 
of Human Body, which defined Cartesian dualism, mind was still nonmaterial. It was 
Newton, a few decades later, who first started questioning the material nature of human 
mind and the physical act of experiencing. In the famous queries at the end of his book 
"Optiks", he writes, "Is not animal motion performed by the vibrations of this medium, 
excited in the brain by the power of the will, and propagated from thence through the 
solid, pellucid and uniform capillamenta of the nerves into the muscles, for contracting 
and dilating them? I suppose that the capillamenta of the nerves are each of them solid 
and uniform, that the vibrating motion of the aethereal medium may be propagated along 
them from one end to the other uniformly, and without interruption: for obstructions in 
the nerves create palsies [paralysis]. " The queries had a profound effect on the scientific 
research in 18th century and probably culminated in the first experiments in 
electrophysiology. Ever since Luigi Galvani animated a dead frog's leg by wiring 
electricity from the lighting into the sciatica nerve, the material basis of nerve pulse 
propagation has been a subject of great interest. The quest eventually led to the 1952 
Nobel in physiology, awarded to Hodgkin, Huxley and Katz for what is now the standard 
understanding ofthe phenomenon of nerve pulse propagation (NPP) (Hodgkin & Huxley, 
1952). With the discovery of DNA structure and the subsequent advent of molecular 
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engineering around the same time, a symbiotic relationship evolved, where the field of 
electrophysiology became an ever evolving electronic playing kit, where new circuit 
components were being added and modified for each new protein and its mutations or 
new molecules were searched for in correspondence with a hypothesized circuit 
components that fits some new phenomenon. The effect has been such that H&H model 
has not only become the center pillar of modern neuroscience research but of cellular 
physiology in general. On the other hand, as of November 2013, Protein Data Bank has 
more than 95000 sets of atomic coordinates representing different biomolecules. 
However there are many unresolved aspects of NPP phenomena that still cannot be 
explained by the H&H equations (Howarth & Keynes, 1975; Kobatake, Tasaki, & 
Watanabe, 1971 a; Tasaki, 1982, 1995), primarily because the equations represent a 
mathematical construct and not a physical basis of the phenomenon. H&H were 
completely aware of this fact and clearly mentioned this in their work (Hodgkin & 
Huxley, 1952): "The agreement must not be taken as evidence that our equations are 
anything more than an empirical description of the time-course of the changes in 
permeability to sodium and potassium. An equally satisfactory description of the voltage 
clamp data could no doubt have been achieved with equations of very different form, 
which would probably have been equally successful in predicting the electrical behavior 
of the membrane. It was pointed out in Part II of this paper that certain features of our 
equations were capable of a physical interpretation, but the success of the equations is 
no evidence in favor of the mechanism of permeability change that we tentatively had in 
mind when formulating them. The point that we do consider to be established is that 
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fairly simple permeability changes in response to alterations in membrane potential, of 
the kind deduced from the voltage clamp results, are a sufficient explanation of the wide 
range of phenomena that have been fitted by solutions of the equations. " However it was 
the dawn of two exciting new fields and in this excitement H&H equations were 
physically interpreted, their material counterparts were actively pursued and the tone of 
caution was buried in oblivion. The equations proposed by Hodgkin and Huxley (H&H) 
effectively reduces the nervous membrane to an equivalent electronic circuit with 
resistances, capacitors and current pumps as substitutes for the lipid membrane and ion 
channel and pumps while their values are obtained as fit parameters. The model, a 
quintessential circuit theory, has had great success in making quantitative extrapolations 
from measured fit parameters, but in H&H' s own words, it was never meant to be a 
physical explanation of the phenomenon. To understand this, a parallel can be drawn 
between some other physical phenomenon which is physically understood and a 
corresponding mathematical construct based on circuit theory. For example the flow of a 
gas through a complex network of pipes can be modeled by an equivalent electronic 
circuit where each pipe is represented by a resistive element that depends on the cross 
section and length of the pipe. One can solve for each resistive element by applying 
different pressure gradient and then predict how the flow would vary if these components 
are rearranged, but this sheds no light on the fundamental physics behind the flow of fluid 
through pipes, even less so for a pulsating flow where predictions themselves will start to 
fail as the fit parameters were obtained in steady state conditions. 
In general, modern textbooks on electrophysiology presents a picture that seems 
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to suggest that the phenomenon is completely understood without any pitfalls and this a 
gross miss representation. The best source to understand an authoritative skeptic's view 
towards H&H based description ofNPP is the textbook by Ichiji Tasaki (Physiology and 
Electrochemistry of Nerve Fibers) who was a contemporary of Hodgkin and Huxley, 
discovered myelin sheath and its role in cable theory and performed the first physical 
measurements of various kind (optical, displacement, temperature, ion displacement etc) 
that found many anomalies between H&H based description and the phenomenon of 
NPP. Among all the anomalies between the H&H based description of APs and actual 
observations during an AP (summarized again in [(Andersen, Jackson, & Heimburg, 
2009; Tasaki , 1982)]), the most crucial is the oscillation of temperature around the base 
line, coupled to the electrical response of an action potential. The oscillations in 
temperature below the base line indicate an active phase of cooling and the zero sums of 
the calculated heat exchanges during an AP indicates an adiabatic process (Howarth & 
Keynes, 1975). This led to several quests in the past to explain NPP as an acoustic 
phenomenon in a piezo-electric medium that is cell membrane (Fergason & Brown, 1968; 
Hawton & Keeler, 1975; Heimburg & Jackson, 2005 ; Kaufmann, 1989; Xin-Yi , 1985, 
Das & Schwarz, 1995). It is well established that NPP is a membrane bound phenomenon 
where although the cellular machinery and cytoskeleton structure certainly have a role, 
they are in no way required or necessary for nerve pulse propagation (Tasaki, 1982). But 
it was always clear that NPP cannot be an acoustic phenomenon that a layman would be 
familiar of. If APs are acoustic pulses, then they are indeed very extraordinary given that 
they show many remarkable features, like conservation of pulse shape, a threshold for 
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excitation, annihilation of two super threshold pulses on collision and addition of two sub 
threshold pulses to give a super threshold pulse etc., which are hard to associate with our 
usual understanding of the acoustic phenomenon. But as it turns out that such exotic 
features can be exhibited by nonlinear acoustic pulses where the properties of the 
medium, such as a biological membrane, can change by the very presence of an acoustic 
pulse, an idea first proposed by K. Kaufmann (Kaufmann, 1989). Moreover the 
thermodynamic decoupling of interface from the bulk (Einstein, 1900) or, from a 
hydrodynamic perspective, due to the impedance mismatch between the bulk and the 
interface (Griesbauer, Wixforth, & Schneider, 2009), can result in pulses that are 
localized at the interface. The later was already shown to be the case in previous works 
from this lab (Griesbauer, Bassinger, Wixforth, & Schneider, 20 12a, 20 12d; Gries bauer 
et al., 2009), where 20 pressure pulses were shown to propagate over macroscopic 
distances in a lipid interface and their propagation properties were determined based on 
the compressibility of the interface. A combination of nonlinear effects and the 
decoupling of the interfacial properties from the bulk, can in principle lead to an acoustic 
phenomenon that explains all the known macroscopic characteristics of an action 
potential. 
Recently Heimburg and Jackson made a serious theoretical attempt to explain the 
NPP from a nonlinear acoustics' perspective (Heimburg & Jackson, 2005) which, once 
again like Kaufmann and Tasaki et.al., highlighted the importance of nonlinearities in the 
macroscopic thermodynamic susceptibilities of biological membranes for the propagation 
of AP like acoustic pulses. All of them have intimately linked the existence of a generic 
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thermodynamic transition and resulting nonlinearities in the membrane susceptibilities to 
the propagation of APs (Andersen eta!., 2009; Kobatake eta!., 1971a; Ueda, Muratsugu, 
Inoue, & Kobatake, 1974; Xin-Yi, 1985). Such a thermodynamic transition can be 
modeled by the LE-LC transition in a lipid bilayer (Needham & Evans, 1988) or 
monolayer (Albrecht & Gruler, 1978) but there have been no experimental evidence of 
nonlinear acoustic pulses in such model lipid systems so far. This thesis was therefore 
motivated by the quest for experimental evidence of nonlinear acoustic phenomenon in 
lipid interfaces which would be a major breakthrough for the proponents of an acoustic 
theory of nerve pulse propagation. However, as will be discussed, this quest may 
eventually have far reaching consequences which go well beyond the controversy around 
the physical basis of nerve pulse propagation. 
1.2 Problem Statement: Biological Signaling via Sound Waves at Interfaces 
Freeing the mind from all the complexities of biological membranes and intricacies of 
nerve pulse propagation, one starts from the simple fact that various constituents of 
biological membranes self assemble to for a dynamic and elastic system. The elasticity of 
the membrane is a reason good enough to explore the possibility of sound waves and its 
implication in such a medium. 
Fig. 1 depicts the quintessential parts of a signaling phenomenon and how they might 
be mediated by a sound wave. That sound waves can indeed exist at an interface has 
previously been show by others in this group. But how these waves might affect single 
molecules and the role of nonlinearities in elasticity remained to be seen. So the 
objectives ofthis study are : 
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1. To explore the nonlinear aspects of sound propagation at lipid interfaces. 
2. To understand the effect of sound waves on functional molecules embedded in the 
interface and vice a versa. 
Resting State Excitation 
Propagation Function 
Figure 1 Quintessentials of a signaling mechanism and how it might be felicitated via 
sound. Conformational changes associated with a ligand binding can lead to density 
perturbations at the interface which will propagate. The propagating density pulse might 
interact with a second enzyme altering its function and thus establishing a signaling 
pathway. 
The following sections are going to approach the propagation of acoustic pulses at 
interfaces by building the problem from scratch, similar to how the acoustic properties 
are studied for any medium. The fact that this might ultimately explain the NPP 
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phenomenon is irrelevant in this regard. The medium and it macroscopic properties, such 
as compressibility, will be defined as a function of the state (pressure, temperature etc). 
Based on these properties, the behavior of acoustic pulses will be predicted and tested 
and finally the implication of these pulses on the coupled variables of the system will be 
discussed given the complex nature of the propagation medium. In the very end the 
observed results would be compared to the phenomenon ofNPP. 
1.3 Defining the Interfacial System and its State 
1.3.1 Interface as a Thermodynamic System 
In a living system, hydration shells around membranes, biomacromolecules (e.g. proteins, 
DNA, etc.) and ions envelop a quasi-2D interfacial zones that account for most of the 
interstitial water. The different constituents self-assemble under entropic forces thus 
forming an integrated emergent system that derives its physical properties from the 
entropy potential of the interface. In such a framework various extensive variables of this 
region (mass or charge density, ion, W or dipole concentration etc) form different axes in 
a multidimensional representation of the entropic potential. Therefore a random 
perturbation of the environment observed in term of one of these variables will , in 
general, appear simultaneously across all the other observables of the system none of 
which is a consequence of the other but they are all different manifestation of the same 
reality . For example, the lipids molecules constituting the self-assembled bilayer have 
can have charged head groups thus, from a macroscopic point of view, giving the bilayer 
a surface charge density. The number of lipids per unit volume or in a quasi 2D sense per 
unit area gives a surface density. Moreover the ions in the surrounding interact with the 
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charged bilayer resulting m an equilibrium distribution. A small perturbation in this 
system either in terms of charges or density will affect all these observables 
simultaneously thus presenting us with an integrated system, an interface, where all the 
observables are intrinsically coupled. 
1.3.2 State of the Interface 
Macroscopically such an interface can be characterized by its state diagrams 
(Gaines, 1966) that map the interrelationships of physical variables (lateral pressure ~ 
surface density, surface potential ~ charge, etc.). These state diagrams can be obtained 
experimentally from macroscopic measurements on the interface. The state at any point is 
essentially the topological neighborhood of that point along these diagrams. This lab has 
previously established that the state of the interface is a crucial determinant for 
equilibrium and non-equilibrium events at the interface (Gries bauer et a!., 20 12d; Leirer, 
Wunderlich, Myles, & Schneider, 2009; Wunderlich et a!. , 2009). For instance, heat 
capacity or compressibility ofthe interface(Griesbauer eta!. , 2012d; Leirer eta!., 2009; 
Wunderlich et a!. , 2009) has been shown to regulate trans-membrane current fluctuations 
or pulse propagation during which all the variables of interface (pressure, temperature, 
surface-potential , fluorescence, density, charge etc.) are affected simultaneously as 
required by Maxwell's relations (Griesbauer, Bassinger, Wixforth, & Schneider, 2012b; 
Shrivastava & Schneider, 2013; Wunderlich et al. , 2009). Such events derived from 
fundamental physical principles may imply certain biological functions (e.g. local 
membrane transport, enzyme kinetics and communication) and this relationship between 
state and function can be tested experimentally. In particular, sound waves at the 
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membrane interface have been proposed as the physical basis of nerve pulses and it is 
believed that key features of action potentials (shape stability, all-or-none nature, etc.) 
result from nonlinear properties of cell membranes (Fergason & Brown, 1968; Heimburg 
& Jackson, 2005; Kaufmann, 1989; Xin-Yi, 1985). Theoretically it's not the complexity 
of membrane composition (ion channels and pumps) but nonlinearity in the elasticity of 
the interface that is necessary to support such sound waves. Although such conditions on 
elasticity are met even in a single component lipid system, the existence of nonlinear 
sound waves, also known as solitary elastic waves, that resemble action potentials, has 
not been demonstrated in a hydrated lipid interface, yet. 
1.4 Lipid Monolayer as a Model Biological Interface 
To test (i) the existence and (ii) possible role of such waves in a biologically relevant 
system, lipid monolayers at the air/water interface with embedded fluorescent molecules 
as a crude first order approximation of a membrane protein were explored as a model 
system. In such a system the existence and the role of 2D sound waves can be 
hypothesized as was shown in figure 1. A perturbation of the membrane, for example by 
the action of a ligand on a receptor, disturbs the local equilibrium. The thermodynamic 
coupling of the interface will require that part of the perturbation also results in local 
density oscillations. Such density oscillations can be introduced either by the 
conformational changes in the protein itself or as a result of some other aspect of protein 
activity such as a change in membrane potential or a change in local proton 
concentration. The relaxation of the perturbed density are determined by the elasticity of 
the membrane + hydration layer regarded which is being regarded as a single system, the 
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quasi 2D interfacial zone. Depending on the timescales involved, part of the perturbation 
will relax via sound waves propagating along the interface. Once the density pulse arrives 
at the second protein it will again couple with local thermodynamic variables thus 
altering the activity of the second protein and in the process setting up a communication 
pathway. This thesis is an attempt to explore this scenario experimentally. 
Cocktails of lipids and fluorophores self-assemble to form molecular thin film 
when introduced at a clean air/water interface in a Langmuir Trough. The thin film is 
then characterized via a moving barrier at the surface that controls the interface area A 
and a sensor that measures the surface tension y(A). At an air/water interface there is a 
direct relationship between the surface tension y(A) and surface pressure n(A) at room 
temperature, where y0 (A) = 72mN Jm for pure water; 
mN 
n(A) = 72-- y(A) 
m 
(1) 
Surface pressure n(A), is the phenomenological state diagram and in principle accounts 
for hydrophilic interactions and tail-tail interactions of lipid molecules. In a Langmuir 
Trough one can in fact obtain n(A, T, pH, [Na+], [Ca2+], V) etc. where pH, T and V have 
their usual thermodynamic meanings as in log[ H+], temperature and membrane (surface) 
potential respectively. But usually n(A) at constant Tis obtained known as a pressure-
area isotherm. In a phenomenological approach, one starts with a state diagram, that is an 
empirical relation between the different thermodynamic variables and this is one of the 
reasons why a Langmuir trough can be so crucial for such an approach to an interface. 
Surface pressure n(A, T etc) is also extremely relevant because it's an intrinsic property 
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of the lipid water interface and is same in a bilayer as in a monolayer with same area and 
temperature etc. i.e. 
TrmanotayerCA, T, etc) = rrbitayer(A, T, etc) (2) 
This equation is ultimately the connection between the lipid monolayer model system 
employed here and the more realistic lipid bilayer system but more on this later. 
Once the state diagram is obtained experimentally, material properties (susceptibilities) 
of the interface can be directly extracted from the phenomenological relationship. In the 
case of rr(A) state diagram at constant T, the isothermal compressibility can be obtained 
as; 
(3) 
It is customary to use the experimental curves of rr(A) obtained at constant temperature 
for equation (3) and partial derivative is assumed to be satisfied by the constant 
temperature condition. But this is only an approximation, as experimentally it is the 
temperature of the water underneath the monolayer that is maintained at constant 
temperature. The situation is more obvious when one tries to obtain an isotherm at also a 
constant pH. It is somewhat easier to comprehend that the pH of the bulk and the 
interface are going to be decoupled and the same logic applies for temperature also. In 
this sense, experiments in general , especially at an interface, provide total derivatives and 
using them in place of partial derivatives is an approximation. 
Cooperative structural transitions or conformational changes that play a crucial 
role in biological function can be uniquely identified via nonlinearities in corresponding 
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state diagrams. Lipids also undergo such transitions and the cooperativity of the 
phenomenon is easily observed in a lipid monolayer as well. This thesis is mainly 
concerned with liquid expanded-liquid condensed (LE-LC) transition that is marked by a 
plateau in n(A) and hence a peak in compressibility Kr(rr)(Albrecht & Gruler, 1978) . 
However, the theoretical considerations and subsequent discussions will be of general 
nature. Such transitions result in strong nonlinearities in the state diagram and are of 
special interest because similar nonlinearities are also observed in the state diagrams of 
real biological membranes (Brasitus, Tall, & Schachter, 1980; J. Hazel, 1995; Kobatake 
et al. , 1971a; Melchior & Steim, 1976). One might question if such nonlinearities could 
have any biological function? As far as cellular signaling by sound is concerned, 
nonlinear equations of states can have far reaching consequences for the propagation and 
the biological role of sound waves in lipid interfaces. And as will be shown here, 
nonlinearities in the susceptibility lead to two of the most interesting aspects of sound 
propagation at a lipid interface- solitary waves and a threshold for excitation. 
1.5 Technical Challenges and System Requirement 
As mentioned earlier, that 2D pressure pulses can propagate in a lipid interface was 
already established by Griesbauer et al. In this setup pulses were excited using solvents 
and the corresponding variations were observed using the Wilhelmy plate itself. However 
the setup was not ideal for studying nonlinear pulses and it was severely limited in terms 
of both the excitation and detection required for observing nonlinear acoustic pulses. On 
the excitation end, the relaxation of the solvent drop at an interface is a slow process and 
as such was unsuitable for exciting frequency components > 1OHz. To see clear nonlinear 
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and dispersion effects an excitation source with high bandwidth is desired. On the 
detection end, there were fundamental problems in studying the pressure response of a 
pulse near a transition as they keep getting weaker closer to the transition. The fact that 
pressure variations are integrated variations of density and compressibility makes them 
unsuitable for understanding a nonlinear phenomenon. Also the pressure sensor was not 
designed to measure dynamic changes at short timescales, especially not at those where 
dispersion effects would be significant. But the biggest hurdle, as already hinted, was that 
in order to understand nonlinear acoustic phenomenon near a transition a direct 
experimental access to density changes was required. Finally, the setup and the kind of 
measurements it allowed were not transferable to a biological sample. 
Therefore new methods were explored for both detection and excitation, 
everything from electrical to photochemical methods were tried which usually have much 
higher bandwidth (~kHz). But given the requirement of both amplitude and bandwidth, 
mechanical excitations using piezo elements turned out to be the most robust one. For the 
detection issues, an epifluorescent microscope setup was developed, as a part of this 
thesis, with the capability to ratiometrically resolve the emission changes of fluorescent 
probes embedded in the lipid monolayer at 535 and 605 nm. The setup was equipped with 
a high-speed camera and two photomultiplier tubes that allowed a detection bandwidth of 
up to 20kHz and a blue LED ( 465nm) for excitation. A 20X magnification was achieved 
by a 0.5NA objective (Carl Zeiss). The data acquisition and control (triggering etc) was 
performed using data acquisition units from National Instruments. 
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1.6 Organization of the Thesis 
This thesis primarily consists of three sections which are chapter 2, 3, 4 and 5. We begin 
with the experimental analysis of the lipid-fluorophore monolayer at the air/water 
interface by systematically characterizing the coupling between the optical and the 
mechanical properties of the interface in Chapter 2. State diagram in terms of intensity of 
the fluorescence emission (1) and the usual interfacial variables rr(A, T) will be obtained 
under static as well as dynamic conditions. These experiments will show that 
fluorescence can be treated as a thermodynamic variable of the interface which is capable 
of resolving local state changes under quasi-static, steady state as well as propagative 
non-equilibrium conditions. In Chapter 3, first ever observations of solitary pulses at a 
lipid interface will be presented. These pulses are excitable only near a thermodynamic 
transition and only via strong excitation greater than a certain threshold. It will be shown 
that the nonlinearity in the state diagram near a transition leads to self steepening in 
propagating pressure pulses that exactly cancels the dispersion in the system resulting in 
a solitary behavior where as the singularity at the transition leads to a threshold. Also the 
nonlinearity and its consequences will be further explored and characterized. In the end 
Chapter 4 will be summarizing the preliminary experiments on few other aspects of the 
nonlinear propagation such as distance dependence, effect of geometry and the collisions 
of solitary pulses. The universality of the relationship between the nonlinear state 
diagram and the phenomenon of solitary pulse propagation will be shown by testing 
similar nonlinearities in different lipid systems for solitary pulse propagation. Finally in 
Chapter 5 the biological relevance of the work will be briefly discussed in the context of 
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cellular signaling and the integration of protein functions, propagating pressure pulses 
and the role of nonlinearities in the phenomenological state diagram(s) of the real 
biological membrane. The chapter will end with an outlook on the bigger picture and the 
philosophical underpinnings of this work - the state structure dualism. 
2 FLUORESCENCE AS A THERMODYNAMIC OBSERVABLE OF THE 
INTERFACE 
Summary 
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Fluorescent dyes are vital for studying static and dynamic patterns and pattern formation 
in cell biology. Emission properties of the dyes incorporated in a biological interface are 
known to be sensitive to their local environment. We report that the fluorescence 
intensity of dye molecules embedded in lipid interfaces is indeed a thermodynamic 
observable of the system. Opto-mechanical coupling of lipid-dye system was measured as 
a function of the thermodynamic state of the interface. The corresponding state diagrams 
quantify the thermodynamic coupling between intensity I and lateral pressure 1r. We 
further demonstrate that the coupling is conserved upon varying the temperature T. 
Notably, the observed opto-mechanical coupling is not limited to equilibrium conditions, 
but also holds for propagating pressure pulses. The non-equilibrium data show, that 
fluorescence is especially sensitive to dynamic changes in state such as the LE-LC phase 
transition. We conclude that variations in the thermodynamic state (here 1r: and T, m 
general pH, membrane potential V, etc also) of lipid membranes are capable of 
controlling fluorescence intensity. Therefore, interfacial thermodynamic state diagrams of 
I should be obtained for a proper interpretation of intensity data. 
2.1 Introduction 
Lipid membranes are integral parts of biological systems and are consistently under the 
influence of numerous perturbations. Molecules (e.g proteins) incorporated in the 
membrane are therefore not only exposed to equilibrium thermodynamic fluctuations, but 
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also to induced non-equilibrium perturbations. We have previously proposed that these 
perturbations, in the form of propagating density or voltage pulses, may play a major role 
in inter or intra cellular communication (Griesbauer eta!., 2012a; Griesbauer, Bassinger, 
Wixforth, & Schneider, 20 12c; Griesbauer et a!. , 2009) as well as nerve pulse 
propagation(Andersen et a!. , 2009; Heimburg & Jackson, 2005). Measurements in lipid 
vesicles have shown that enzymatic activity is a function of the membrane state (H0nger, 
J0rgensen, Biltonen, & Mouritsen, 1996; Lenaz, Curatola, Mazzanti , & Parenti-Castelli, 
1978; Op Den Kamp, Kauerz, & Deenen, 1975; Sandermann, 1978; Seeger, Aldrovandi, 
Alessandrini, & Facci, 2010; Verger, 1976). Therefore proteins or enzymes located in the 
acoustic path of propagating pulses are required thermodynamically to exhibit an altered 
kinetic behavior. Propagation and excitation of such density waves are difficult to 
measure due to limitations in detection technologies. One way of probing changes in 
membrane' s physical properties is by characterizing the emission of fluorescently labeled 
lipids incorporated in the membrane. Fluorescence emission properties have been 
extensively studied for different dyes under varying physical conditions. In membranes 
they have been shown to report chemical and mechanical changes in their 
surroundings.(Boldyrev et a!., 2007; Harris, Best, & Bell, 2002; Jin, Millard, Wuskell, 
Clark, & Loew, 2005 ; Munro, 2003; Sanden, Salomonsson, Brzezinski, & Widengren, 
201 0; Wu, 1996; Zhang, Frangos, & Chachisvilis, 2006) Such observations are usually 
specific to the dye used, its partition coefficient and electronic structure. (Day & 
Kenworthy, 2009; Groves, Boxer, & McConnell, 1998; Han & Burgess, 2010; Jin eta!., 
2006; Zhang et a!. , 2006). In this work, we study the potential of fluorescently labeled 
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lipids to report non-equilibrium and equilibrium variations in thermodynamic state of the 
lipid-water-interface in general. Therefore, we thoroughly characterize and quantify the 
equilibrium and non-equilibrium opto-mechanical coupling of the interface. Our results 
outline how the intensity of fluorescent emission may be exploited to study propagating 
density waves in biological membranes. 
2.2 Materials and Methods 
Lipids dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1 ,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) dissolved in chloroform were purchased from Avanti 
Polar Lipids (Birmingham, AL) and used without further purification. Four different lipid 
conjugated dyes were used in this study. N-(7-Nitrobenz-2-0xa-1 ,3-Diazol-4-yl)- 1,2-
Dihexadecanoyl - sn - Glycero -3-Phosphoethanolamine, Triethylammonium Salt (16:0 
NBD-PE), 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Triethylammonium 
Salt (Texas Red DHPE) and N-(4, 4 - Difluoro - 5, 7 - Dimethyl - 4 - Bora - 3a, 4a -
Diaza- s - lndacene - 3 Propionyl) -1 ,2-Dihexadecanoyl -sn-Glycero-3-
Phosphoethanolamine, Triethylammonium Salt (BODIPY FL DHPE) were acquired 
from Invitrogen. 1 ,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(7 -nitro-2-1 ,3-
benzoxadiazol-4-yl) (ammonium salt) (14:0 NBD-PE) was acquired from Avanti polar 
lipids. The dyes were diluted with chloroform (>99%, Sigma Aldrich) to obtain final 
concentration of 0.1% by moles in the lipid solutions. The lipid-dye solutions were 
spread at the air-water interface in a Langmuir trough (NIMA, UK) to form a monolayer 
(fig.2). The temperature of the de-ionized water (18Mohms) in the sub-phase was kept 
constant by using a heat bath at a desired temperature while the room temperature was 
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20°C. The quasi-static equilibrium experiments were performed by compressing the 
monolayer at two ends with the rate of 28 mm2/s with an initial area of 100 cm2 . A blue 
LED was used for fluorescence excitation at 465 nm over a spot diameter of 400f.!m. The 
emission intensity was simultaneously measured at 535 nm and 605 nm (BW 1 Onm). For 
the non-equilibrium experiments a bigger trough with a total area of 500cm2 was used. 
The monolayer in this case consisted of 1% NBD in DPPC. The de-ionized water in sub 
phase was mixed with pure sodium chloride (lg/1) (Sigma, >99.5%) and was also added 
to ethanol to get the ethanol:water mixture (2: 1 v/v). Waves were excited by injecting 2fll 
of the ethanol-water mixture at the surface using an automated dipper arm. The contact of 
ethanol droplet with the air-water interface was used to trigger the LED and the data 
acquisition (1 OkS/s ). The LED was triggered to avoid bleaching and also any signal due 
to recovery of photo bleaching, as the pulses were accompanied by certain flow in the 
monolayer. A fresh preparation was used for every excitation event. The optical and 
mechanical measurements were performed equidistant (12 em) from the point of 
excitation. 
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Figure 2 Experimental Setup. (I) The lateral pressure is measured using a Wilhemly 
balance. (2) The monolayer is excited chemically using a dipper that can be moved 
vertically. (3) Fluorescence is measured simultaneously with pressure. The spot for 
fluorescence measurement (D=400 pm) can be moved across the interface to measure 
fluorescence fi-om different regions (For simultaneous optical and mechanical 
measurement of a pressure pulse, (I) and (3) were equidistant from (2) at 12cm). (4) The 
barriers can be moved horizontally to compress the monolayer at the air/water interface. 
The temperature in the bulk can be controlled from underneath by circulating water from 
a heat bath (solid black). (5) There is a glass window which introduces local temperature 
gradients due to the absence of circulating coolant underneath. This gradient was used to 
investigate the local effects of temperature on the monolayer. At a room temperature of 
21 °C, on cooling down, the temperature at '5 ' was 8.5 °C compared to 7. 7 °C in the rest 
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of the trough. The contact of solvent with the monolayer created a trigger signal that was 
used to control the microscope LED and data acquisition. 
2.3 Results and Discussions 
2.3.1 Static opto-mechanical coupling 
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Figure 3 Opto-Mechanical I sotherm for a Quasi-Static Process and Opto-mechanical 
Invariance. (Left) Opto-mechanical susceptibility (green-dash) and compressibility (b lue 
- solid), plotted as a function of pressure. The original intensity and area curves have 
been p lotted as a function of lateral pressure in the inset. Area and intensity change 
nonlinearly as a function of pressure during the LE-LC transition and the peaks in the 
corresponding susceptibilities (y axis) correlate precisely. The peak in opto-mechanical 
susceptibility results in increased sensitivity of intensity to pressure variations around 
LE-LC transition. (Right) (111/I)rr plotted against (MIAJrr for LE-LC transitions at 
different temperatures for a DP PC/NBD-P E system. The proportionality between 
intensity and area is invariant of the temperature. The numerator of the fraction is the 
total change in the variable during LE-LC transition where as the denominator 
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represents the mean value of the variable during the transition. This also means that 
intensity like surface area or density is an observable of the interface. 
In the inset of Fig.3 (left), both intensity I and lateral pressure lf, as acquired using the 
set-up shown in Fig.2, are plotted as a function of lateral pressure lf. The coupling 
between the two curves becomes exceptionally pronounced, when plotting the derivatives 
(Fig. 3), i.e. the compressibility 
dA 
K =---
T - Ad7r 
and the opto-mechanical susceptibility 
dl 
lf/r = --
ld;r 
(1) 
(2) 
The correlation is particularly impressive close to their maxima. This is where the lipid 
monolayer is near or in its LE-LC coexistence region. The similarity between the two 
curves also suggests that during the transition, area and intensity changes are 
approximately proportional Mi l ~ bAIA. This proportionality is in fact shown to be 
conserved for transitions at different temperatures (fig. 3). From a thermodynamic 
perspective this implies that the intensity is an extensive observable of the lipid-dye 
system. In Fig. 4a the coupling curves are plotted for a different lipid system (DMPC) at 
a different temperature and the correlation is found to be conserved showing that the 
correlation is a property of the thermodynamic state and not the nature of molecules. We 
should mention, that some of the curves, in particular those far from room temperature, 
exhibited a slight mismatch between the peaks in compressibility and opto-mechanical 
susceptibility. The source of this mismatch is temperature gradients within the 
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monolayer. To test this, we measured the coupling at different locations along a defined 
temperature gradient. In fig. 4b, we see that the mismatch clearly follows the temperature 
perturbation. The temperature difference of 11T=0.8°C corresponds to a pressure 
difference of 1.5mN/m (from 18mN/m to 19.5mN/m). This is in perfect agreement with 
the isotherms (fig. 4b, inset). This data demonstrates that fluorescence intensity can 
report locally varying thermodynamic properties in lipid membranes. Indeed, the 
interrelationships of area, intensity, pressure and temperature can be presented in a 3D 
state diagram (fig. 5). 
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Figure 4 Intensity reports local variations in the mechanical properties of the interface. 
A) Opto-mechanical susceptibilities of a DMPC-NBD monolayer. The local temperature 
at the site for optical detection is the same as the average temperature of the monolayer. 
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Consequently the peaks in the corresponding susceptibilities correlate. B) When 
measured in a region of higher temperature (region 5 in Fig. 2) the opto-mechanic 
susceptibility (green-dash curve) is shifted against the compressibility (blue-solid curve) 
by 1.5mN/m. From the given temperature dependence a local temperature increase by 
0.8C (7. 7 -78.5C) is expected, which is in perfect agreement with the temperature 
difference measured during calibration (Fig. 2). The figure in the inset plots a linear 
regression on transition pressure for isotherms at different temperatures . 
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Figure 5 Opto-Mechanical State diagram. The surface can be broadly divided in to 
three regions as liquid expanded (LE), liquid expanded- liquid condensed (LE-LC) and 
liquid condensed (LC) region. Slopes along the A axis represent compressibility and area 
fluctuations, while slopes along I characterize opto-mechanical susceptibility and 
fluctuations in Intensity, respectively. The transition region (LE-LC) moves to higher 
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pressure, lower area and lower intensity with increasing temperature. The curves 
represent real data acquired using DP PC-NED. 
2.3.2 Non-equilibrium opto-mechanical coupling 
In the context of nerve pulse conduction, many fluorescent dyes have been used and 
developed to follow the propagation of pulses along the axon(Tasaki, Carnay, & 
Watanabe, 1969; Tasaki, Watanabe, & Hallett, 1971). Usually these dyes are described as 
voltage sensitive, changing their fluorescent intensity upon changes in membrane 
potential (Conti, 1975; Conti, Fioravanti, Malerba, & Wanke, 1974). A thermodynamic 
view on nerve conduction, however, describes the propagation based on sound in two 
dimensions(Heimburg & Jackson, 2005; Kaufmann, 2004), which implies the 
propagation of a density oscillation, experimentally confirmed by Tasaki and others 
(Kim, Kosterin, Obaid, & Salzberg, 2007; Tasaki, 1982). Furthermore, we have recently 
proposed (Griesbauer et al. , 2012c) that propagating density or pressure pulses may be a 
far more common and fundamental mechanism of communication between proteins, cells 
and even larger biological entities (e.g. organ or brain areal), which is not at all limited to 
nerve pulse propagation. We demonstrated that density pulses propagating over 
macroscop1c distances could be excited in lipid monolayer(Griesbauer et a!., 2012c). 
Their velocity follows the state (~ compressibility) of the membrane and is typically in 
the range between 0.1 - 1m/s, but can also reach the ~ 1 OOm/s range (Griesbauer et al., 
2009). Furthermore, we have shown that the dialectical properties of the interface lead to 
a propagating voltage pulse coupled to the reversible density oscillations of the 
film(Griesbauer et al. , 20 12a). Indeed, thermodynamically, any observable of the 
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interface should undergo similar changes, i.e. a pH pulse, a temperature pulse and an 
optical pulse is expected as well. As the optical pulse is in particular interesting for its 
practical implications, we performed non-equilibrium measurements on the opto-
mechanical coup ling of the monolayer using NBD-PE fluorescent probes. 
A 10 
'E 3.35 ..... 
19.25 
:I ~~~ 3.2 .i .. . .... _ .. . - ·"'· . I= 8.5 3.05 
B 8.5 2.85 
'E (\ 
17.75 
I I '5' 
2.7 
.i 
I= 7 ,. ... , ... ,, ..... ,. .. 4,'\ ' ~ 2.55 c 
..... 4.5 
.§ f~~--- ..l 2.5 ';' ~3.75 2.35 .i I= 3 2.2 
0 2 4 6 8 
Time (s] 
Figure 6 Optical m easurem ent of a Pressure P ulse. The state of the initial equilibrium is 
marked on the pressure intensity isotherm in top left. Time profile of intensity (green-
dashed) vis pressure (blue-solid) pulses is plotted in A) LC, B) LE-LC and C) LE region. 
In the LE region intensity moderately couples to a propagating pressure pulse. Intensity 
is most sensitive to small pressure variations in LE-LC region. This non-equilibrium 
behavior is qualitatively similar to the quasi-static coupling. The opto-mechanical 
coupling under non-equilibrium conditions suddenly disappears in the LC regions where 
the intensity hardly responds to much stronger pressure variations. In (B) the pulse 
arrives at ilt=0.44s at a distance of 12cm giving a velocity of propagation c=0.27 m/s. 
Experiments were performed in a DPPCINBD-PE (1%) system at 21 oC. 
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In fig. 6, the correlation between pressure (n(t)) and intensity (J(t)) pulse, simultaneously 
recorded, is shown for the three fundamentally different states of the system. In the LC 
phase, the coupling between intensity and pressure is the weakest and only minute 
changes in intensity can be detected during the propagating pressure pulse. A similar 
picture appears in the LE phase, where strong pressure pulses couple to intensity pulses 
of moderate strength. The picture changes completely, when the system is excited within 
or nearby the transition region, where coupled intensity and pressure pulses are clearly 
resolved. The opto-mechanical coupling is quantitatively summarized in fig. 7 for both, 
the equilibrium and non-equilibrium case. Although qualitatively very similar, these 
curves demonstrate that the extrapolation from equilibrium to non-equilibrium coupling 
cannot be tacitly assumed, but has to be carefully evaluated. However once established, 
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Figure 7 Opto-Mechanical Coupling for Non Equilibrium Processes (Propagating 
Pulses) Non-equilibrium opto-mechanical susceptibility (green) as obtained from 
differential changes in pressure and intensity during individual pulses. The 
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corresponding opto-mechanical susceptibility under equilibrium conditions is plotted in 
blue. Peak in equilibrium as well as non equilibrium conditions appear around 7mN/m. 
Both fits were obtained assuming a sigmoidal response of intensity with respect to 
pressure in the transition region. The fit quality therefore gets worse away from the 
transition as the priority was to resolve the peak 
Fig. 7 allows deriving pressure and compressibility changes from intensity measurements 
giving clues on the thermodynamic state of the system. For example at a given 
temperature the non-equilibrium opto-mechanical susceptibility l/Js allows to estimate the 
pressure variations in the membrane from intensity measurements f..n ~ Mfi (lf/J-1 • 
Further, changes in the ratio LJJ/1, with say changing pH or temperature, indicate the same 
quantitative change in LJA/A. Therefore a greater LJIII would in general imply a softer 
system. In general, after proper characterization intensity variations can be substituted for 
hard to measure areal changes. Taking, for example, !f/s at the maximum value of 
0.35m/mN in Fig. 7, leads to a compressibility of 0.008 m/mN and by applying equ. 4 of 
reference 1, predicts finally a velocity of 0.32m/s from optical data (fig. S 1). Direct 
measurements of the propagation velocity (see fig. 6) from the intensity pulse, 
corresponding to the state of maximum susceptibility, gives a value 0.27m/s. The 
agreement between the predicted and the observed velocity underlines that the observed 
intensity variations are a consequence of changes in thermodynamic state. (Appendix) 
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Figure 8 On the Microscopic origin of the Opto-mechanical coupling. Opto-mechanical 
coupling showing different transitions in a DP PC/NED system at 22 C. The opto-
mechanical isotherm is remarkably similar to a surface potential isotherm for DP PC 
monolayer. (Vogel & Mobius, 1988) Specifically, the abrupt increase in intensity and the 
dipole moment during gas-LE transition are precisely aligned and support the dipole 
based explanationfor the microscopic origin of the coupling. 
Microscopically the opto-mechanical coupling can be understood by the state dependent 
electric dipole orientation of the lipid molecules.(Heimburg, 2012; H M McConnell, 
Tamm, & Weis, 1984; H.M. McConnell, 1991; Vogel & Mobius, 1988) The orientation 
of the absorption dipoles of the dye molecule with respect to the optical field is 
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intrinsically coupled to the orientation of the conjugated lipid molecules.(Moy, Keller, & 
McConnell, 1988) This is impressively demonstrated by comparing the emission 
intensity and surface potential of the monolayer as a function of area per molecule (fig. 8) 
(33). The abrupt jump in intensity during gas-LE transition closely corresponds to the 
jump in surface potential, clearly supporting the dipole based explanation. In the end we 
should mention that on considering intensity as an observable some aberrations were 
observed especially at high dye concentration (>0.1 %) and small area/molecule (<60 A2) 
(fig. Appendix D2 and D3). These aberrations, namely an unexpected decrease in 
intensity, are most probably due to self-quenching effects(Brown, Brennan, & Krull, 
1994 ). The general nature of these results was further illustrated by the opto-mechanical 
isotherms obtained for two other dyes. (fig. Appendix D4). 
2.4 Conclusion 
Figure 9 Simplistic visualization of Pulse Propagation at an Interface. As a visual aid, 
the figure introduces the thermodynamic approach for a propagating pulse at the 
interface. A perturbation at the interface alters the state of local hydrated environment. 
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The disturbance can propagate and is conserved over long distances influencing the 
properties of a single molecule (e.g. the emission properties of a flourophore, kinetics of 
an enzyme) located at a remote location. All changes induced are reversible leading to 
local oscillations in the mean states the wave passes by. In a nonlinear system, the 
thermodynamic properties can change with a propagating density pulse (1-11) (Matthias 
Schneider, Habilitation Thesis - Augsburg 2011). The accompanied state change implies 
changes in local fluctuations and consequently kinetic processes. Here JV can be 
pressure, temperature, electric field etc and n1 can be area, charge, intensity, [IT] etc. 
Fig. 9 attempts to illustrate the impact of a pulse propagating along an interface. The 
collective variations in lateral density lead to changes in the emission properties of the 
incorporated dye. These changes are characterized phenomenologically without stressing 
molecular models . Thermodynamically, the pulse propagates a change in the local state, 
expressed by the respective non-equilibrium state diagram. The slope ofthe state diagram 
in turn determines the fluctuations of the interface which originate from the curvature of 
the entropy potential of the interface [37,38]. Although shown here for fluorescently 
labeled molecules, the dynamic coupling between state and function must exist for other 
special classes of molecules as well, such as enzymes. In fact the state of the interface 
has been shown to control the kinetic behavior of membrane bound enzymes (Caseli et 
a!. , 2005; H0nger eta!. , 1996; Kamp, Gier, & Deenen, 1974; Op Den Kamp eta!., 1975; 
Soderlund, Lehtonen, & Kinnunen, 1999),Therefore propagating pulses are predicted to 
collectively modulate the function of membrane bound enzymes as well. We hypothesize 
this as a new foundation for cellular signaling: the (catalytic) activity or conformational 
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fluctuations of one protein may initiate a local disturbance, which propagates along the 
interface. A second protein, exposed to the propagating pulse will respond to the 
corresponding state changes. Near extreme nonlinearities in the state diagrams (e.g. 
susceptibility maxima), alterations in protein activity are expected to be significant or 
even of "on/off' kind. Any communication of this form will not require any energy since 
pulse propagation is adiabatic and enzymes work reversibly. 
Our results demonstrate that fluorescence intensity measurements aptly detect 
abrupt state changes. When near a maxima in susceptibility (as for instance the LE-LC 
transition), i.e. in the non-linear regime of the interface, the opto-mechanical coupling is 
very strong hopefully enabling us to study similar state changes in biological interfaces as 
well. Combined with single molecule measurements, such studies will allow us to 
demonstrate that non-localized, propagating pulses are capable of controlling the activity 
of localized single molecules (e.g. enzymes) by transiently changing the thermodynamic 
state of the environment and provide evidence for a fundamentally new mechanism for 
the communication between biological entities in general. 
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3. THERMODYNAMICS OF NONLINEAR PULSES IN LIPID MONOLA YERS 
Summary 
This chapter reports the first observation of solitary elastic waves in lipid monolayers. 
Propagating waves were excited mechanically and the resulting variations in the 
thermodynamic state of the monolayer were detected by FRET measurements. The 
relationship between thermodynamic state and velocities of the propagating waves 
confirmed that they indeed travel within the lipid interface (Griesbauer et al., 20l2d). 
Most importantly, only when the system was close to the nonlinear regime of the state 
diagram, sharp pulses with large amplitudes were observed. Furthermore these pulses 
were excitable only above a critical state-dependent threshold. These self-supporting 
solitary wave packets propagating in the interface bear striking resemblances to action 
potentials. 
3.1 Opto-Mechanical Characterization of the Lipid Monolayer based on FRET 
From an experimental point of view, the ability to control and monitor the state of an 
interface is crucial for a thermodynamic approach. This is easily achieved in lipid 
mono layers where the diagrams of state, for instance lateral pressure or surface potential 
vs. area, can be obtained at various bulk pH and temperature conditions (Albrecht & 
Gruler, 1978; Vogel & Mobius, 1988). We recently showed that the fluorescence 
intensity of dye molecules embedded in the lipid monolayer is also a thermodynamic 
observable of the interface (Shrivastava & Schneider, 20 13), meaning that it can be 
analyzed as any other thermodynamic property of the interface (such as surface potential, 
density etc) once the state diagram(s) in terms of fluorescence emission is known. 
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Fluorescence measurements provide a fast and noncontact means for measuring state 
changes associated with propagating pulses. 
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Figure 10 Experimental setup. The state of the interface was controlled by titrating a 
lipid-dye solution on a Langmuir trough while measuring the lateral pressure (at a). A 
razor blade (b) was actuated horizontally by a piezoelectric element in order to excite 
longitudinal pulses that were detected by FRET at c, where distance be= I em. The 
cartoon represents a microscopic interpretation of FRET at an interface. In an ordered 
2D medium, FRET efficiency ~f(r,Ji;'.}I;), where r is the distance and 11 represent the 
emission or adsorption dipole respectively. Therefore along with distance, the relative 
orientation of absorption and emission dipoles is also relevant as opposed to their 
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absolute orientation with respect to the interface. As the pulse arrive the relative distance 
and orientation of the transition dipoles of the donor and acceptor molecule change as a 
function of state represented by((}, rr) (Shrivastava & Schneider, 2013). Correspondingly 
the FRET efficiency changes which leads to anticorrelated changes in the intensity of 
donor (green small dash) signal and acceptor (red solid) signal. On the other hand any 
motion of the interface due to capillary modes of the water waves travelling 
simultaneously with the longitudinal modes will change the donor and acceptor signal in 
a correlated manner. The FRET parameter ~: (blue, long dash) amplifies the 
anticorrelated parts of the signal while filtering out the correlated parts. Finally it is the 
relationship of the observed velocities to the compressibility of the interface that confirms 
compressional nature of the waves (see Fig. 16). 
In this study we use FRET between a pair of dye molecules, which has two major 
advantages over standard fluorescence intensity measurements; (i) ratiometric 
measurements provide significantly better signal to noise ratios (Gonzalez & Tsien, 1997) 
and (ii) one can distinguish between longitudinal (compressional) and transversal 
(capillary) components of a pulse (Budach & Mobius, 1989) (Fig. 10 and Appendix C). 
The experimental setup shown in Fig. 10 was used to control and monitor the state of the 
lipid monolayer at the air/water interface. A chloroform solution, containing lipids 
Dipalmitoylphosphatidylcholine (DPPC), the donor N-(7-Nitrobenz-2-0xa-1 ,3-Diazol-4-
yl)-1 ,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Triethylammonium Salt 
(NBD-PE) and acceptor dye molecules Texas Red® 1,2-Dihexadecanoyl-sn-Glycero-3-
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Phosphoethanolamine, Triethylammonium Salt (Texas Red® DHPE) from Invitrogen 
(1 00:1: 1) was spread on the water surface of a Langmuir trough. The mean lateral 
pressure (rr) of the monolayer was measured using a Wilhelmy plate. FRET between 
donor and acceptor dye molecules embedded in the lipid monolayer was measured 
ratiometrically (20kS/s) by the FRET parameter defined as; 
e = (/53Snm) 
1605nm 
(1) 
For this, emission intensities were acquired simultaneously at two wavelengths (535 and 
605nm) while fluorescence was excited at 465nm. A razor blade attached to a piezo 
cantilever was arranged such that the long edge of the blade touches the air water 
interface forming a meniscus, while the motion of the cantilever moves the blade 
horizontally along the interface. The pulses were excited by using controlled mechanical 
impulses (L1t~ I Oms) of the piezo cantilever (Fig. I 0). The maximum displacement 
(~ I mm) of the blade represents the upper bound for the amplitude on a relative scale of 
0-1 A which can be tuned using the power supply for the piezo element. This technique 
has previously been shown to ensure maximum coupling to the longitudinal mode 
(Lucassen, 1967). The ensuing changes in state were quantified optically via the relative 
changes in FRET parameter derived from eq. l (Fig I 0); 
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(} (2) 
In order to understand the state dependence, the pulses were excited at different mean 
surface pressures. 
3.2 First Observations of Localized Nonlinear Pulses: Solitary Sound Waves 
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Figure 11 State dependence of pulse shapes in lipid interface. Elastic interfacial pulses 
(A ,B ,C) were excited in fundamentally different regimes (i, ii and iii) of the state 
diagram (D,E)(Shrivastava & Schneider, 2013) at n(A) =3.2 mN/m, 6mN/m and 
12.8mN/m respectively. The inset in (E) shows the three regimes on the isothermal 
compressibility Ky(n) curve calculated from n(A). A distinct pulse (B) only appears 
near or in the plateau (regime ii) of the state diagram and is an order of magnitude 
stronger in amplitude (~40 times) than pulses in regimes (i) and (ii) (see Fig. Appendix C 
for individual donor and acceptor signals). Although the sharp pulse as in (B) only 
appears near the nonlinear regime of the state diagram, the absolute shape is very 
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sensitive to the precise state along (i) to (ii) (See Fig. 12). In these experiments the state 
was altered by changing the surface density of lipid molecules but it can equally well be 
varied by changing other physical parameters (temperature, pH, lipid-type, ion or 
protein adsorption, solvent incorporation etc.). The delay !!.t was used to calculate the 
experimental propagation velocity Cexp· Experimental details: pulses measured via FRET 
(see eq.2 and Fig. in Appendix C), lipid (DPPC) monolayer at 19 °C for the excitation 
resulting from a piezo amplitude of ~ lmm (1.5A), distance between excitation and 
detection was ]em. The dashed line in (D) is a guide to the eye. The similarity of the 
pulses in the nonlinear regime (ii) with action potentials (see figure 13 in (Hodgkin & 
Huxley, 1952)) is striking. 
Figure 2 presents the first observations of nonlinear pulses propagating along a 
lipid monolayer. The pulses were measured optically using Eq.2 (also see Fig. Appendix 
C) in fundamentally different regimes of the state diagram (marked in Fig. liD and liE). 
The regimes differ in terms their isothermal compressibility Kr = - ~ (:;) r that can be 
obtained from the rr ~ A isotherm (inset Fig. liE). Kr has a sharp peak in the transition 
region around rr=6.2mN/m marked as regime (ii), while regime (i) at rr=3.2mN/m and 
regime (iii) at rr=12mN/m represent the two states that lie far on either side of the peak in 
Kr . Comparing the pulse shapes in these three different states reveals at least two 
striking differences: (i) for the same strength of excitation the amplitude increases by 1 to 
2 orders of magnitude (~40 times) when excited in the transition regime and (ii) a 
significant temporal confinement or steepening of the pulse appears simultaneously (Fig. 
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llA, liB and 11 C). The latter can be better appreciated in the frequency domain 
representation where the temporal confinement inversely results in a significant spectral 
broadening (11m~J/!1t), as will be discussed below. The exact pulse shape varies strongly 
as a function of state near the transition and can be resolved further (Fig. 12). 
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Figure 12 State dependence of pulse shape. The effect of mean lateral pressure on the 
pulse shape is illustrated. The sudden appearance of high amplitude solitary pulses 
occurs upon changing the pressure from 5.1 to 5. 3mN/m. In general, when pulses are 
excited while proceeding on the state diagram from low to high pressures, it seems 
characteristic that the first pulses hardly have components below the base line. With 
increasing pressure, troughs on either side of the sharp crest gradually deepen while the 
crest splits, blunts and finally disappears completely at high pressures. The pulses were 
recorded at a distance ofO. 7mmfrom the excitation source at 18.5 °C. 
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Approximate changes in surface potential can be obtained from the FRET 
variation during a solitary pulse based on its isothermal calibration. Then a FRET 
amplitude of 1.2 suggests that the interface goes through at least half way between LE-
LC transition starting from LE state. This would be equivalent to a voltage pulse of 
approximately 200mV based on the surface potential diagrams of Vogel and Mobius. 
While outside the transition regime the pulse as mentioned earlier is about 40 times 
weaker which would mean voltage amplitudes ofthe order of only ~ 5mV! 
3.3 Threshold Amplitude and "AII-or-None" Nature 
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Figure 13 Threshold for excitation of solitary waves. (A) The pulses resulting from 
varying the excitation strength are shown for a fixed state marked by the circle in (B) . 
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Clearly a "threshold" for the onset of solitary behavior exists between excitation strength 
of 0.67 and 0.83A in this state, where maximum displacement amplitude of ~1mm is 
scaled relatively by 1A. The inset in (B) represents the idea of a threshold on a 
generalized state diagram where solitary pulses can be excited by super-threshold 
excitation. (C) The corresponding average frequency spectrums of the pulses are shown. 
The arrow points to the onset of nonlinear behavior (see Fig. 14). All the pulses in (A) 
are plotted on same scale for the y-axis representing the variations in FRET parameter. 
Experiments were performed on a lipid (DP PC) monolayer at a lateral pressure of 
7. 2mN/m and 21 °C. 
The sensitive dependence of pulse's shape on state combined with the abrupt 
increase in its amplitude and confinement indicates that the observed phenomenon is of 
nonlinear nature. To analyze this nonlinearity further pulse amplitude !J.() and shape 
(frequency spectrum) were obtained as a function of excitation strength (peizo 
amplitude). This experiment presented another remarkable feature of the observed 
solitary pulses, the presence of a threshold. Only excitations of amplitude above a certain 
threshold could excite solitary pulses (Fig. 13). On zooming in to the pulse shape, it is 
observed that near the threshold, the increased excitation strength is temporally focused 
onto certain regions along the pulse shape (Fig. 14). This results in excitation dependent 
steepening and confinement of the pulse's shape along with a nonlinear increase in its 
amplitude. This is better represented by the broadening of the corresponding frequency 
spectrums (FFTs) (Fig. 13C). In a linear system, stronger excitations simply cause 
elevations or rescaling of spectral features to higher amplitudes (Dudley & Coen, 2006). 
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However, clear qualitative changes in the spectrum are observed for the pulses presented 
herein, which underline the impact of nonlinear effects. The higher frequencies (100-
300Hz), present at an excitation of 0.83A, are practically absent at 0.67 A, where A is an 
arbitrary scale between 0-1 representing the strength of excitation. However, a similar 
rise in excitation strength from 0.50A to 0.67 A had practically no effect, as represented 
by near complete overlap of the corresponding spectrums. The onset of higher frequency 
components near 0.77A (also see Fig. 14) and subsequent strong spectral broadening 
indicate the existence of a threshold. Although the amplitude dependent spectral 
broadening observed here is typical of systems with nonlinear susceptibilities (Dudley & 
Coen, 2006; Lomonosov, Hess, & Mayer, 2002), the precise control over the degree of 
nonlinearity is an extraordinary advantage of the present setup. 
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Figure 14 Resolving threshold excitation strength. The mechanical excitation strength 
was gradually increased to identify the exact threshold for the onset of solitary waves. As 
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a result of nonlinear phenomena, one peak of the subthreshold components at 0. 7 3A 
emerges upon superthreshold excitation. This behavior indicates that the energy is being 
focused temporally within the pulse. This whole process takes place within a very small 
range of amplitudes (0. 73 to 0.8A) and finally saturates (0.83 to IA) as explained in the 
text. The pulses were measured at a mean lateral pressure of 7.2mN/m and 21 °C. 
3.4 Nonlinear Dependency of Velocity over Amplitude 
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Figure 15 Velocity-Amplitude Relationship as a Function of State. Pulses with different 
amplitudes were excited in three different states (rr =5.4mN/m (top left), 6.5mN/m(top 
right) and 7.2mN/m (bottom left) close to the transition. (Bottom right) represents the 
extracted scale for velocity as a function of voltage supplied to the peizo element. A 
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voltage pulse of 150V applied across the peizo element resulted in a displacement of 
~Imm. 
Since the susceptibilities change continuously and go through a wide range of values near 
a transition, one can resolve the observed nonlinearity in propagation further as a function 
of state. This means that the threshold amplitude can itself vary as a function of state. 
Moreover, because a solitary pulse results from the interplay between nonlinearity and 
dispersion, its shape and its dependence on amplitude should be a function of the state as 
well. Both these aspects are clearly observed by looking at the pulse shape b.8(t) as a 
function of the excitation strength 0-1 A (Fig.5) near the transition. The data clearly 
shows that the threshold itself is a function of state and gets lower from rr =5.1 at to 
7.2mN/m at almost 0.44A. The shape of the pulse gets broader and more asymmetric as a 
function of the excitation strength. The asymmetry is directly related to b.t which is 
clearly different for pulses with different amplitudes for a given state, a clear sign of 
nonlinearity (Fig. schematic). Further the degree of asymmetry is different in different 
states for same excitation strength. Figure 15 plots Cexp- 1/ b.t as a function of excitation 
strength for the three states, showing how all the pulses share the same nonlinear 
neighborhood of the state diagram. 
3.5 Theoretical Considerations 
Theoretically, the nonlinearity in the adiabatic compressibility K 5 of the interface relates 
to the evolution of a propagating pulse at the interface (Griesbauer et al., 2012d; 
Shrivastava & Schneider, 20 13). K 5 is related to the velocity of propagation cg, which has 
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been measured (Cexp ) and plotted as a function of mean pressure and mean FRET 
parameter 80 (Fig. 16). The minimum in Cexp is related to a maximum in K5 (see Fig. liB 
and 13C) (Griesbauer et al., 2012d; Shrivastava & Schneider, 2013) confirming the 
compressional nature of the optically observed pulses. The propagation velocity of a 
wave packet is represented by the group velocity c9 (8, w) = ~~ which in general is a 
function of both the amplitude 8 and frequency w, k being the wave number. The time 
delay f...t, measured experimentally, is inversely related to c9 and in a dispersive 
nonlinear system f...t varries within a single pulse 118 ( t) that usually leads to broadening 
of the pulse shape as it travels. 
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Figure 16 Non-equilibrium opto-mechanical state diagram. Mean velocities are plotted 
as a function of lateral pressure. The minimum in velocity near 6 mN/m corresponds to a 
maximum in the compressibility of the lipid monolayer. This justifies the interpretation 
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that the pulses measured via FRET are of compressional nature. The inset plots the same 
data with respect to the equilibrium value of 80 = (153 5nm) at which the pulse was 16o snm 
excited. The slope along any point on this curve is related to the local nonlinearity in the 
system (see Eq. 3). The experimental velocities were obtained by dividing the distance 
between excitation and detection (d= 1 em) by the time of flight marked by the first 
deviation in the FRET signal. The pulses were excited at the maximum amplitude of 1A ~ 
1mm. The dashed and dotted lines are guides to the eye. Pulses were measured via FRET 
in a lipid (DPPC) monolayer at 19 °C and the error bars represent standard deviation 
over n= 10 measurements. 
For a pulse of amplitude !1() and spectral width !1w , the broadening scales as 
1 a 1 a 1 c~ !1!1t~f1-~--!1w + --f1()~{Jf1w- -/1() 
Cg aw Cg ae Cg cJ (3) 
a2 k 
, where {J = awz is known as the group velocity dispersion (GVD) parameter 
(Agrawal, 2000) and c~ = aa; represents the nonlinearity in compressibility. 
Qualitatively c~ can be estimated from the phenomenological dependence 
c9 (8)~cexp(8) (Fig.4), where the tangent on any point along the curve would be directly 
related to c~. For a preserved pulse shape (/1/1t --t 0) a simple relation, representing the 
balance between nonlinearity and dispersion can be derived as {J!1w~ c~ !1(). This 
Cg 
relationship can be compared with experiments to test if the observed nonlinear pulses 
are indeed of solitary nature. In Fig. 13A it's reasonable to assume that the values for {J 
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I 
and c~ do not change significantly between the two super-threshold pulses. On comparing 
Cg 
the spectral half widths (Fig. 13C) and amplitudes (Fig. 13A) of these two pulses 
I 118 I -I 118 I = 0.0045 indicating that the pulse shape is indeed conserved as the !J.w 0.83 !J.w 1.00 
nonlinearity and dispersion balance each other. 
Figure 17 Nonlinear susceptibility and pulse evolution. The cartoon depicts the effect of 
nonlinearity on the pulse shape. In the nonlinear regime c' is significant and the velocity 
depends significantly on the amplitude resulting in different propagation velocities within 
a single pulse (Krysac, 1994). This causes the pulse shape to evolve, skewing it to a long 
tail and a steep front, or vice versa, depending on the state-velocity relationship. In terms 
of frequency spectrum, the steepening is represented by higher frequency components 
while the tail represents the lower frequencies that account for the resulting broadening 
of the spectrum. Under "right" conditions dispersion can counterbalance this effect and 
can thus cause new frequencies to fall back on the "mother" pulse. 
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In addition to the solitary nature of the observed pulses, the relation between dispersion 
and nonlinearity also explains the origin of the threshold. The slope c~ of the 
phenomenological curve cg(8) (Fig. 16) changes sign (negative to positive) on increasing 
pressure across the minimum in cg (8). Assuming {3 doesn 't change its sign, the 
dispersion and the nonlinearity can only be balanced on one side of the minimum, while 
on the other side the two effects would rather reinforce each other, smearing out any 
pulse propagation immediately (note that 1:!.8 is observed to be positive in this region (fig. 
15)). This is further supported by resolving the state dependence of the pulse shape more 
sensitively (Fig. 12 and 15). Upon a small increment in rr(A) from 5.lmN/m to 
rr(A) =5.3mN/m the signal shoots up nonlinearly indicating a strong threshold when 
approaching the transition from the liquid expanded side (Fig.15). In conclusion not only 
the observed pulses are of solitary nature, they also have a clear threshold for excitation 
due to the second order nonlinear effects at the minimum in Cg near the transition. 
Further experiments in different lipid systems are required for a deeper 
understanding of the observed nonlinearity and threshold. Nonlinearity, dispersion and 
viscosity, which all depend on state (Espinosa, L6pez-montero, Monroy, & Langevin, 
2011 ; Schrader et al. , 2002), affect the evolution ofpulse (shape) and hence need to be 
systematically examined. As discussed for a solitary pulse of given amplitude the width is 
conserved despite dispersion when nonlinear effects of the medium counteract 
sufficiently. However in a dissipating medium the decay in amplitude will result in a 
corresponding broadening of the pulse to the point where the nonlinearity cannot balance 
the dispersion anymore, i.e. that during propagation the amplitude will eventually "slip" 
50 
below the threshold due to dissipation. This is clearly observed for the solitary pulses 
reported in this study (as will be discussed later), although at this point the primary 
reason for decay in amplitude is not clear (we imagine dissipative or geometrical effects 
as a possible source) (see Fig.lO). Furthermore, the role of spatial confinements 
(Schweizer et al. , 2012) and the behavior of two pulses under collision will also be 
explored. In nonlinear systems, two pulses might change or annihilate on collision (like 
action potentials) or remain unaffected like solitons (Eckl, Mayer, & Kovalev, 1998; 
Heimburg & Jackson, 2005; Lioubashevski & Fineberg, 2001a; Tasaki, 1949). 
4. PRELIMINARY RESULTS ON SEVERAL ASPECTS OF SOLITARY 
PHENOMENON 
4.1 Limitations 
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Because of the phenomenological nature of the proposed approach, its application 
has limitations when presented with the full mesoscopic complexity of a biological 
environment. But even there, a clever choice of observables and experimental variables 
can provide invaluable insights into the complex functioning of a real biological system. 
The logic being that although all the mesoscopic variations in material properties related 
to various biological responses cannot be captured and analyzed by such an approach, but 
whenever there are clear correlations such as change in derivatives of the macroscopic 
state diagram(s) and the onset of a biological function, the mesoscopic variations have to 
fall in line and behave cooperatively. This is a consequence of the 2nd law of 
thermodynamics and by starting from the state diagram(s), the approach one keeps the 2nd 
law a priori (see appendix A). Therefore when considering the state diagram(s) of 
complex biological material, one can at least understand system level changes by 
analyzing the thermodynamic consequences of abrupt changes in macroscopic 
compressibility, capacitance or heat capacity, of which there are plenty in real biological 
system (Beranova, Jemiola-Rzemiilska, Elhottova, Strzalka, & Konopasek, 2008 ; 
Brasitus et al., 1980; Georgescauld, Desmazes, & Duclohier, 1979; J. Hazel, 1995 ; J. R. 
Hazel, McKinley, & Gerrits, 1998; Kobatake et a!. , 197la; Melchior & Steim, 1976). 
What might constituent a thermodynamic system in this sense is not a trivial question. 
However from an interfacial perspective even a single protein equates to a surface area of 
the order of 1 00nm2 which may consist at least 1000 water molecules just in the 1st 
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hydration shell. Hence even a single protein embedded at an aqueous interface is a multi-
particle system for which standard thermodynamic definitions are meaningful. The case 
is even clearer for a macroscopic phenomenon like AP propagation. One such system, the 
excitable cells of Chara Choralina (Hill & Osterhout, 1938; Johnson, Wyttenbach, 
Wayne, & Hoy, 2002; Ueda et al. , 1974), is currently being studied in our lab by 
Christian Filafer et.al. However there are several aspects of the observed solitary waves 
that pose open questions especially with regards to strong decay in amplitude as will be 
discussed later in this chapter. 
This work has shown that a hydrated lipid interface with nonlinear elastic 
properties will lead to solitary sound waves that fulfill many (if all is yet to be seen) of 
the most important criteria for a new theory of nerve pulse propagation. The idea is to 
look for the consequences of such nonlinearities in general on propagating pulses. Of 
course monolayers, bilayers and biological membranes are different examples of a self-
assembled lipid interface and we have shown the hypothesis to be true for at least one 
system. One can never have a completely deductible argument and a general theory 
addresses only the commonality between different systems which in this case is the 
relation between nonlinear elasticity, dispersion and solitary wave and it has been already 
shown that the generality already extends from 3D to 2D systems. The theory is 
completely falsifiable as it should be and leads to the specific prediction that "if a lipid 
bilayer or biological membrane has a nonlinear state diagram, as shown here for a 
monolayer, then they would support nonlinear acoustic pulses in the nonlinear regime 
and vice versa. " 
4.2 Solitary Phenomenon as a Function of State and its Invariance 
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Figure 18 Material In variance of the relation between state and solitary phenomenon. 
Frequency spectrums plotted for solitary pulses initiated via different excitation strength 
near the transition regime of 15PC lipid monolayer with the same FRET pair at l9°C. 
Threshold behavior and spectral broadening similar to Fig 13 is clearly observed. 
The theory, presented here, explains the solitary nature of observed pulses as a 
consequence of the nonlinearity in the equation(s) of state and does not depend on the 
structural origin of the nonlinearity. Meaning that, in the experiments shown so far, 
although the nonlinearity resulted from the LE-LC transition of the 16PC molecules, the 
theory itself is independent of this origin and this should be observed in experiments as 
well. To test this, the experiments were repeated in 15PC lipids (fig. 19). The LE-LC 
transition now appears at a different pressure for the same temperature as before and 
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correspondingly it can be seen that the solitary phenomenon also shifts to the new 
nonlinear region in the respective state diagram(s). In fact, as will be shown in the 
following sections, the same is true for the charged lipid of 14PA (phosphatic acid) where 
the state not only depends on pressure and temperature but also depends strongly on the 
pH and ionic conditions of the subphase. This demonstrates the versatility and robustness 
of such a thermodynamic approach, where the same theory is capable of explaining a 
whole range of effects which may have multiple molecular (structural and compositional) 
physical origins. 
4.3 Collision and Annihilation of Solitary Waves 
Finally, near a nonlinearity in the state diagram(s), the possibility exists that two 
propagating pulses do no superimpose linearly anymore and their collision can lead to 
exotic acoustic phenomena such as mixing of sub-threshold non solitary pulses to give a 
super-threshold solitary pulse, deflection of colliding pulses or annihilation/ absorption of 
one super-threshold pulse by another. Preliminary results on such collisions are 
presented here. 
Figure 20 shows the modified setup used for the collision experiments. To 
ascertain the collision and avoid reflections, the experiments were performed in a channel 
same as the one used for measuring distance dependence. Two piezo controlled blades 
were placed on each end of the channel with sufficient room for their motion. Since the 
channel length was fixed, the collisions were manipulated by controlling the time delay 
between the two blades. The control signal when only one of the blades was excited is 
shown for each blade. The two wave fronts appear from each blade due to the enhanced 
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impedance of the water trapped from both ends in a small channel. It's clear that the 
second wavefront is not a reflection but is emitted as the blades fling back a second time 
to their mean position by looking at the times of arrival. Clearly the first wavefronts from 
both channels arrive at different times, meaning that the optical detection is 
asymmetrically placed between the two blades. Still the time difference between the two 
wavefronts is identical for both the pulses therefore ruling out reflection. However further 
investigation into this behavior is required at this point and the amplitudes of the two 
wave fronts in the control signal of second blade especially require more understanding. 
Moving on, the corresponding experiment for .1t=10ms shows the exact overlap of the 
two wavefronts (fig. 21). However, the amplitudes don't match, meaning that the pulses 
don 't add linearly. Calculating the superimposition for .1t=20ms shows that none of the 
wavefronts emitted from the two blades overlap and all of them ( 4 in total) should be 
observable. Moreover wave II from blade 1 and wave III of blade 2 should have passed 
each other. This is in complete contrast to the collision experiments with .1t=20ms where 
only the two wavfronts I and IV appear whereas fronts II and III are missing! Could they 
have annihilated each other? 
To further resolve the issues .1t are varied further and collisions are obtained for 
.1t=30ms and 50ms as well. All the collision experiments are presented together in figure 
22. At .1t=30 in contrast with .1t=20ms a third wavefront appears which actually forms 
due to exact overlap of wave II and III, however, the amplitudes don 't add up. Finally at 
.1t=50ms all the wavefronts appear in right order I, II, III and IV none of them 
overlapping and none of them having passed any other wavefront yet, which is the first 
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time we see the two control signals and their 4 wavefronts together in an actual coll ision 
experiment! In fact moving from Ll t=50ms to Ll t=20ms, one can see the wavefronts II 
and III propagating (Ll t=50ms), colliding (Ll t=30ms) and annihi lating Ll t=20ms! 
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Figure 19 Experimental Setup f or Collision Experiments. (Top) Two piezo controlled 
blades (Blade] and Blade2) are placed on either side of I em long channels place in side 
the Langmuir Trough. The actuation of the blade is controlled via and external power 
supply and the time delay Ll t between the actuation of two blades can be precisely 
controlled, where the minimum possible delay is !::. t =JOms. (Bottom Left) and (Bottom 
Right) are the control signals when only Blade I or Blade 2 is excited respectively. 
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Figure 20 Failure of Superposition Principle in Colliding Solitary Waves. (Top Left) 
Calculated signal obtained via linear superimposition of control signal of blade] and 
control signal of blade2 delayed artificially by !J.t= 1 Oms. (Bottom Left) Results from the 
actual experiment where the two blades were excited with a !J.t=20ms delay. (Top Right) 
Calculated superposition again but with a !J.t =20ms. (Bottom Right) Results from the 
collision experiment with !J.t =20ms. Clearly the two inner pulses at (II and Ill) !J.t=20ms 
disappeared after collision. 
The phenomenon of annihilation of sound waves results from higher order 
interactions of nonlinearity and dispersion and opens up a whole new array of acoustic 
properties of the medium that can be explored (Eckl et al. , 1998). The evidence of 
annihilation of solitary pulses is again very crucial for the correspondence between NPP 
and solitary sound waves as annihilation of action potential on collision almost has an 
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axiomatic status in the field of electrophysiology, even though actual experimental 
studies testing the collisions of APs are rare (Tasaki, 1949). 
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Figure 21 Annihilation of Colliding Solitary Sound Waves. Results of collision 
experiment with different values for IJ.t=JOms. Starting from IJ.t =50ms approach, 
collision and annihilation of wavefront II and III is clearly visible. 
The other interesting aspect of action potential collisions is the collision of sub-
threshold pulses to combine and give super-threshold pulses, that supposedly happen 
when excitatory sub-threshold APs from dendrites combine in soma to give 
superthreshold AP in the axon. In fig. 23 , two sub-threshold pulses, although travelling 
in opposite directions, give super-threshold response on collision. A more ideal 
experimental setup would be off course to have collision in a bifurcated junction where 
the collision of solitary pulses travelling in same direction can be observed. 
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Figure 22 Subthreshold Collision. Collision experiments performed in a state 
rr=3.lmN/m far from transition pressure of rr=6.2mN/m. For M when the wavefronts 
completely overlap, a superthreshold peak appears which is absent for !J.t=20ms. 
4.4 Amplitude Decay: Distance Dependence and Geometrical Effects 
As mentioned briefly in Chapter 3, propagation of solitary pulses in a dissipating medium 
is a complex phenomenon (Lioubashevski & Fineberg, 2001 b) . The observed solitary 
pulses decay nonlinearly with distance and this needs to be explored further (fig.24) . It is 
true that once a solitary wave is established, ideally it should keep propagating with a 
conserved pulse shape, but only in a non-dissipating medium. However, in the present 
system, there is another possible source for decay and that is due to the spatial spreading 
of the wave-front (fig. I 0). Close to the blade, the excitation can be considered linear, but 
at greater distances this is not true anymore. To simplify things, the propagation can be 
studied in a channel which is narrower than the width of the blade. This ensures a linear 
excitation throughout the channel. As per hydrodynamics of two dimensional systems 
(Lamb, 1902) the geometrical decay of linear excitation should theoretically be absent. 
Therefore ideally any decay should be attributed to dissipating effects, but introduction of 
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a channel also alters the boundary conditions significantly, which can be really crucial 
especially in a nonlinear phenomenon. Figure 25 plots the observed amplitude of solitary 
pulses as a function of distance with and without a channel, where D=O.l4mm is the least 
count of the measuring scale. As can be seen both the maximum amplitude and 
propagation distance increases significantly in the presence of a channel. This shows that 
without the channels there is clearly a spatial spread of the wavefront which is 
responsible for a part of the decay but there is clearly significant dissipation as well. 
Moreover dissipation is likely to be stronger for higher frequency component and 
therefore could be more prominent in solitary pulses. For a propagating and decaying 
solitary pulse the balance between nonlinearity and dispersion is still at play all the time. 
However there comes point when nonlinearity cannot balance the dispersion anymore as 
the amplitude slips below the threshold which disperses the leftover amplitude. 
Finally, could it be possible to decrease the effects of viscous drag by coupling 
other modes to the wave phenomenon? For example, if the medium is near a pKa, would 
the dissipation be same if the wave energy is also partitioned in oscillatory binding and 
unbinding of ions coupled to the wave? These questions will be briefly touched upon in 
chapter 5. To be clear it should be mentioned that an adiabatic phenomenon can be 
dissipative and there is no contradiction here. The observation of dissipation cannot rule 
out the acoustic explanation for the temperature dip during the endothermic phase of the 
action potential. So meanwhile the phenomenon is adiabatic it might still need energy in 
the form of A TP to overcome dissipation. However all these very important questions are 
still completely open and one can only speculate until further experiments are performed. 
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Figure 23 Decaying Solitary Pulses. Pulses were measured at different locations by 
varying the distance (point 'c' in Fig. I 0) from the blade. All the experiments shown here 
were conducted/or the same state (7mN/m and 21 °C). On increasing the distance up to 7 
mm the amplitude decays moderately. Although at this point we do not know the source of 
this decay we believe it is driven either by (i) the in-plane spreading (perpendicular to 
the propagation), a behavior which should be sensitive to lateral confinement of the 
wave, or (ii) dissipation by viscous friction. Interestingly, further decay of the amplitude ( 
from 7 mm to 8. 4 mm) proceeds nonlinearly. The reason presumably for this behavior is 
the drop in amplitude to below thresholds level and the system cannot sustain the balance 
between the dispersive and nonlinear contributions. This once again underlines the 
solitary nature of these nonlinear pulses as opposed to shock waves that disperse 
strongly (Landauer, 1980). As evolution of a nonlinear pulse depends on amplitude, 
dispersion and dissipation, the distance dependence as reported in this figure depends 
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nonlinearly on the exact state of the interface and further studies are underway to 
systematically analyze these effects. 
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Figure 24 Amplitude Decay in a Confined Channel. Amplitude plotted as a function of 
distance (D=0.14mm) near the transition region in DPPC monolayer at 2rc. The 
results for confined propagation in a channel (squares) as shown in inset and without 
channel (circles) are p lotted together. The confinement was achieved by placing a Teflon 
U-channel between b and c in figure 10. 
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5 BIOLOGICAL RELEVANCE AND OUTLOOK 
Summary 
So far we have tried to emphasize that the solitary pulses with a threshold for 
excitation result from a peak in compressibility and we have shown this systematically 
for a lipid monolayer. However, the same line of arguments applies for lipid bilayers and 
real biological membranes as long as their equation(s) of state give rise to nonlinearities 
(Albrecht & Gruler, 1978; Georgescauld et a!., 1979; Melchior & Steim, 1976; Overath 
& Traeuble, 1973; Trauble & Eibl, 1974). The later is experimentally well established in 
living cells and single neurons (Georgescauld et a!., 1979; Melchior & Steim, 1976) and 
as the measurement of the susceptibilities (cp, Kr etc.) of living systems (single cells) 
improve, the relevance of such nonlinear phenomena in biology will be better established. 
The obvious differences between mono and bilayer - although highly important for a 
detailed analysis - are therefore irrelevant from a fundamental point of view. 
Nevertheless, a brief discussion on mono v/s bilayer as acoustic mediums may be helpful. 
The problem of mono and bilayer correspondence is steeped in rich literature (Feng, 
1999; Marsh, 1996) but its most important aspect relevant to sound propagation is the 
role of surface tension which is significantly high (y~30 H 72mN jm) in mono layers at 
air/water compared to a leaflet in a bilayer where y ~ 0. This has direct implications for 
capillary (transversal) modes which scale with y and are therefore almost unavoidable in 
monolayers but are likely to be absent in a bilayer (Feng, 1999; Marsh, 1996). Excitation 
of longitudinal waves is therefore expected to be more efficient in lipid bilayers. 
Finally based on the general role of nonlinear state diagrams in our study and 
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given the recent discussion on the thermodynamic foundation of nerve pulses, we would 
like to discuss the biological relevance of our findings. The shape of the solitary pulses in 
lipid monolayers and action potentials in cell membranes can be directly compared 
because fluorescence reports membrane potential in both cases (Conti, 1975; Conti et al. , 
1974; Shrivastava & Schneider, 2013) as discussed previously in chapter 2. There are 
several striking similarities between our results on lipid monolayers and the data on nerve 
pulses: (i) both systems support ' all-or-none' pulses which propagate as solitary waves 
and exist only in a narrow window bound by certain nonlinearities in their respective 
state diagrams (Georgescauld et al., 1979; Kobatake et al. , 1971a; Ueda et al., 1974), (ii) 
the pulses in both systems represent an adiabatic phenomenon (Hawton & Keeler, 1975; 
Howarth & Keynes, 1975) and are not only electrical but are inseparably mechanical 
(deflection and volume), optical (polarization, chirality, fluorescence, turbidity) and 
thermal(temperature, enthalpy) pulses also (Cohen & Salzberg, 1978; Conti, 1975; 
Griesbauer et al. , 2012b; Heimburg, 2012; Howarth & Keynes, 1975; Kim et al., 2007; 
Kobatake et al., 1971a; Shrivastava & Schneider, 2013 ; Steppich et al., 2010; Tasaki, 
1995; Watanabe, 1993) 
The velocities of the pulses reported herein are in the same order of magnitude as 
those reported for action potentials in plant cells as well as non-myelinated animal cells 
(Andreassen & Arendt-Nielsen, 1987; Johnson et al. , 2002; Matsumoto & Tasaki, 1977). 
Similarly the biphasic shape (see Fig. 11B) is quite characteristic of action potentials and 
its similarity to the observed pulses in this study is striking and should be compared with 
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Fig. 13 in Hodgkin and Huxley's famous work (Hodgkin & Huxley, 1952) as shown here 
in fig. 17. 
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Figure 25: Solitary Pulse in Monolayer vs. Action Potential in Squid Axon. (Left) 
Taken from our manuscript (figure 2B). (Right) Hodgkin and Huxley 's famous 
experiment (lower) and fit (upper) from 1952 (Hodgkin & Huxley, 1952), the main 
contribution that lead to their Nobel prize in physiology. The same quanti- and 
qualitative results have been found in optical measurements (Conti et al., 1974; Conti & 
Tasaki, 1970; Tasaki et al., 1969). (Note : although the velocities are different, velocities 
of <lm/s - as found here - are far more common throughout physiology than those of 
70mls as measured in the squid (right). Velocity is hence no good criteria to challenge an 
alternative explanation for nerve pulse propagation. Further pulse velocities can be 
increased and decreased by several orders of magnitude adding ions or glycerin to the 
sub phase (Hill & Osterhout, 193 8; Mueller, 195 8). 
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Despite these similarities, however, we believe that absolute velocity and pulse 
shape are not proper criteria for testing a new theory of nerve pulse propagation as both 
vary tremendously, in cells and as well as in lipid monolayers, depending on 
composition, excitation and state of the membrane interface (Hill & Osterhout, 1938; 
Hodgkin & Katz, 1949; Mueller, 1958). Rather it's the variation in velocity as a function 
of state c9 (n, T), variation in pulse shape as a function of degree of nonlinearity c~ (n, T) 
and the existence of a threshold that can be explained thermodynamically, as seen in this 
study. 
Finally, given that the state of the interface has been shown to strongly correlate 
with the activity of membrane-bound proteins and enzymes (Gudi, Nolan, & Frangos, 
1998; H0nger et al., 1996; Maggio, 1999), we are also looking at the effect of these 
pulses on protein and enzyme kinetics as a new mechanism in biological signaling. 
Further studies will show whether the solitary elastic pulses as reported here are indeed a 
physical basis of nerve pulses and cellular communication in general. 
5.1 Solitary Pulses in Charged Lipid Monolayers 
In this thesis, various aspects of the solitary phenomenon were investigated near a 
transition of particular kind, i.e. LE-LC transitions of the neutral lipids. As such the 
transition pressure or temperature of neutral lipids (non-ionizable headgroups (PC lipids) 
at physiological pH conditions (pH3-pH9)) is hardly sensitive to pH or the ion 
constituents of the hydrated environment. However incorporating charged lipids in the 
monolayer (PAs and PSs) renders the corresponding state diagrams remarkably sensitive 
to the changes in its ionic environment, making it possible to control the behavior of the 
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solitary pulses via multiple variables by changing the chemical (ionic and pH) 
composition of the aqueous environment. Moreover since the lipid headgroups can be 
ionized, the system has multiple sources to undergo a transition. The transitions would be 
partially coupled because the nature of the head group primarily decides the pKa but it is 
also a function of the ionic composition, temperature and pressure of the interface. The 
coupling is general and its strength is phenomenology which could be weak or strong, for 
e.g. for a small change in surface area there can be a big change in protonation or vice 
versa. The state diagram for such a system extends in a thermodynamic manifold with 
dimensions depending on the number of independent extensive variables in the system 
(surface charge and density, concentration of ionic species in the subphase) (see 
Appendix A). The sensitive dependence of the state diagram, now in a thermodynamic 
manifold, on the aqueous environment at the interface, conversely means that any state 
changes associated with a perturbation of the interface will lead to significant changes in 
the aqueous environment itself at the interface. 
Figure 26 shows solitary pulses observed m a charged DMPA (dimyristoyl 
phosphatic acid) monolayer near the corresponding LE-LC transition region determined 
by a unique set of values for pressure, temperature, pH and chemical composition. 
Interestingly the decay in amplitude seems to stabilize at some intermediate distance after 
the pulse reaches its maximum amplitude. Again due to their preliminary nature these 
results are not yet understood. Although as mentioned earlier new phenomena could be 
expected in such systems where charge-charge interaction between the bulk and the 
interface, protonation-deprotonation or binding-unbinding of the monovalent or divalent 
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ions with the interface can store part of the acoustic energy as chemical energy 
introducing probable shielding against dissipative forces. Understanding solitary pulses 
in such a system can provide the first step towards using a thermodynamic approach for 
understanding the complex dependencies of action potentials on cell's ionic medium. In 
such systems both causes and effects can have multiple origins and manifestation due to 
the multitude of extensive variables involved which are all thermodynamically coupled. 
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Figure 26 Solitary Pulses in Charged Lipids. Time trace for ratiometric fluorescence 
parameter with single dye (Only Bodipy no FRET) is plotted for several distances from 
the blade (see fig. 10) represented in terms of the least count D=0,14mm. An 
intermediate region of stability is observed that is marked in circle although this needs to 
be further investigated. 
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Having a state diagram in multiple dimensions allows one to see otherwise not 
intuitive causes and effects, such as excitation of a pressure pulse via pH changes or by 
photo induced conformational changes. For example the excitation of pressure pulses 
from pH perturbation in an ionizable lipid monolayer of DMPS (1 ,2-dimyristoyl-sn-
glycero-3-phospho-L-serine), was achieved by blowing pure C02 at the surface. The 
conversion of C02 into H30 + and HC03-leads to a pH change at the interface, to which 
the monolayer responds via a pressure jump that propagates as an acoustic pulse. One can 
clearly see how such complex turn of events has a rather straight forward, quantifiable 
and testable explanation from a state perspective. The associated pH perturbation is 
resolved using a lipid conjugated pH sensitive (Oregon green DHPE) fluorophore by 
measuring the ratiometric intensity changes (shift in emission spectrum). In this sense the 
local pH effects of the C02 gas are carried away in an acoustic manner to a distant region 
of the interface, where it changes the salvation environment of a molecular probe. 
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Figure 2 7 Pressure pulse excited via acidification of the interface by C02. The red curve 
represents the time trace of the excited pressure pulse while the blue curve represents the 
optical trace obtained as ratiometric changes in the emission of a pH sensitive 
jluorophore. The pulse was excited by gentle local streaming of C02 at a certain distance 
from the pressure and optical detection. The calibration of the dye indicates a likely pH 
drop of 1 unit at the interface coupled to the pressure pulse. 
A similar situation arises when using photoisomerizable molecules in the interface 
such as azobenzene (fig.28). These molecules go through cis - trans isomerization 
depending on the wavelength of the light used resulting in a corresponding change in 
area/molecule, which can be seen as a pressure change at the interface. Thus such 
molecules allow reversible control of the state, which ultimately links everything else to 
the action of light. Figure 28 shows an acoustic pulse superimposed on a step drop in 
pressure resulting from the exposure of a mixed lipid-azobenzene monolayer to a speed 
light. 
Given this manifold view of the solitary waves where everything from surface 
potential to ion and charge concentration to pH, temperature and density are changing, it 
is hard to imagine that a protein or enzyme embedded in this interface would remain 
unaffected. Enzymes and proteins self assemble along with the lipids and other molecules 
to form a biological membrane and together they are under the influence of the entropic 
potential of the interface. Therefore when interacting with elastic pulses, enzymes and 
proteins are thermodynamically required to show an altered kinetic behavior. An elastic 
perturbation could even entail an "on/off" effect on the activity of the embedded 
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enzymes if the system is near a prominent nonlinearity in the state diagram. This is 
another reason why nonlinearities in the equations of state become such an interesting 
phenomenon to study. Considering lipid-fluorophore system as a first order 
approximation of a protein in a lipid interface one sees the potential of a solitary pulse to 
reversibly switch the "activity" (emission spectrum) of the fluorophore as shown in 
fig.27. 
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Figure 28 Photo-switching of the State. A pulse superimposed on a negative pressure 
step is observed on shining visible light on the mixed monolayer DP PC and Azobenzene 
(5%). Such a mechanism can clearly take the system in and out of transition by the action 
of light. The phenomenon has a close parallel with the working principle of rhodopsin 
molecules where Vitamin A molecules go through a similar cis-trans isomerization that 
results in the subsequent signaling cascade. 
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5.3 Acoustic Control of Acetylcholine Esterase Kinetics at a Lipid Interface 
So, given that membrane bound enzymes have been shown to have maximum 
activity near a transition (Nuschele, 201 0; Nuschele, Fichtl, Silman, & Schneider, n.d.) 
and that solitary pulses also exist near a transition, can an acoustic perturbation alter the 
kinetic behavior of membrane bound enzymes? Such experiments are currently underway 
and the very first results indeed seem promising (fig.29). Acoustic pulses excited via C02 
seem to alter the kinetic activity of membrane bound acetylcholine esterase, one of the 
fastest known enzymes that are found at synapses. The setup has been explained in 
details in the works of Stephen Nuschele and Bernhard Fichtl, but briefly, DMPS 
monolayers were prepared over a buffered subphase containing the substrate 
acetylcholine, DTNB as the chromatic assay and phosphate buffer. The cleaving of 
acetylcholine by the enzyme results in a change in the color of the subphase and the blue 
part of the transmitted light is strongly absorbed. Monitoring the intensity of transmitted 
light as function of time, gives an estimate of the kinetic behavior of the enzyme. As can 
be seen in the figure 29 (two different preparations at two different surface pressures) the 
initial slope of the intensity curve representing the steady state kinetics of the enzyme is 
completely altered when the pulse arrive effectively "switching off' the enzyme 
completely in sync with propagating pulse. The working hypothesis is that the pH 
component travelling along with the pressure pulse, reversibly protonates the enzyme 
itself which renders it inactive (shifts the lipid-enzyme-substrate system away from a 
critical state). 
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Figure 29 Inhibition of acetylcholine esterase via an Interfacial Acoustic pulse. Results 
from two different preparations are presented (left) and (right) . Surface pressure (blue 
right vertical axis) and intensity of the transmitted light (J.. =465nm)(black left vertical 
axis) are plotted as function of time. The change in slope of black curve to almost zero, as 
the pressure pulse arrives, indicates the inhibition of the enzyme. 
Although further experiments are required to completely understand the dynamics 
of this system, these experiments provide an example of how complex cascade of events 
that ultimately couple to the biochemistry of enzyme systems at the interface can be 
facilitated via sound waves. 
5.4 The State-Structure Dualism: The Big Picture 
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Figure 30 Solitary Pulses in the Big Picture: From State to Biological Function. This 
thesis contributes to the macroscopic branch of the state to function approach, however 
given that solitary pulses carry significant state perturbations it will still have 
microscopic ramification and hence affect the other branch of this big picture as well. 
Finally the present work is still a subplot of an even bigger picture, where the 
state ultimately controls both the microscopic as well as macroscopic events in biological 
system and hence its functions . To understand the goals of this bigger picture consider 
the example of the membrane protein A TP synthase. The molecule essential works like a 
turbine that converts the energy stored as chemical gradient across a membrane into a 
more convenient form of energy, the ATP molecules. ln other situations, the molecule 
acts like a pump and uses ATP to transfer protons against the gradient, just like how a 
mechanical turbine can be used as a pump at the expense of energy. Of course researches 
started looking for a protein structure with rotors and stators (based on how a mechanical 
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turbine looks) and they found one. However, as far as a turbine is concerned, no matter 
how refined or detailed the structural information is, the first thing an engineer would 
want to know is the state of the working fluid . Thermodynamics, more specifically, the 
second law puts fundamental limits on the efficiency of a turbine which depends on the 
state of the working fluid and not on the structure of the turbine. The conviction that the 
function of a protein is inherent in the 3D structure is the central paradigm of molecular 
biology but it inhibits a more fundamental understanding of a biological system and its 
design principles. If the structural correspondence between a turbine and a A TP synthase 
can be pursued with such a conviction than so should be the state correspondence. This 
group is trying to develop the corresponding state picture for biological machines, as in 
what kind of fundamental limits does the second law has for these microscopic systems? 
Using Einstein ' s approach to thermodynamics (see appendix A) one can derive a 
relationship between macroscopic susceptibilities and the fluctuations in thermodynamic 
observables which sits at the foundation of non-equilibrium thermodynamics. When 
applied at hydrated interface (of any composition as long as the state diagram is known) 
it explains the previously mentioned occurrence of ion channels in lipid system and the 
correlations the kinetics of membrane bound protein and the state. The entropic potential 
that is responsible for bringing the membrane together in first place is intimately coupled 
to the function of molecular constituents of the interface. When solitary pulses are added 
to this picture, which also exist near a transition where the activities are maximum, an 
abstract mechanism explaining the signaling via solitary pulses presents itself. The 
curvature of the entropic potential in a thermodynamic manifold is directly related to the 
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macroscopic susceptibilities of the system. However during a solitary pulse, the 
susceptibilities themselves undergo a significant change, which means the topology of the 
entropic potential should itself go through a dynamic change locally as the pulse 
propagates. The fluctuation dissipation theorem isn't applicable anymore as the curvature 
of the potential is a variable itself. However it is clear that molecular constituents are 
bound to show altered functionalities as a result of the propagating solitary wave. With 
this insight the first figure of the thesis can be revisited now and is presented in its 
modified form as figure 31. 
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Figure 31 Biological Signaling: Propagating State Perturbation in a Thermodynamic 
Manifold. 
A functional molecule (receptor) embedded in the membrane is replaced by a 
certain topological feature (en tropic landscape) in the corresponding state picture in a 
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thermodynamic manifold. As the receptor interacts with its ligand, a conformational 
change ensues perturbing the environment which is represented by a change in the 
topology of the local landscape. Elasticity of the medium requires that the perturbation 
propagates while altering the state locally along its paths. Finally the perturbation 
interacts with a second protein system and deforms the corresponding entropy landscape 
resulting in an altered kinetic behavior. Such a scenario presents a completely new 
paradigm of understanding the basics of biological signaling consistent with the most 
fundamental laws of physics. 
Going back to the question, if mind is material or nonmaterial, the answer might 
lie somewhere in between. What ifthe brain represents the material mind while it' s state 
represent the nonmaterial mind? What if brain is just complex network of acoustic 
waveguides (Pal, Patra, Saha, & Chakrabarti, 2013; Russ, Sapoval, & Haeberle, 1997) 
and the localization of acoustic modes in different parts of the brain amounts to different 
feelings and expressions? Isn't the brain rewiring itself all the time and isn't it changing 
its material properties all the time and forming memories in the process? Wouldn't that 
lead to different modes of vibrations, localizing into different parts of the brain and hence 
determining the emotional state of the mind? Wouldn't then the sensations from different 
senses or even the beating of the heart excite different modes determined by the present 
state of the material brain? Could it be the reason why feelings that arise from music or 
art depend on one ' s emotional state, or how they resonate with the vibrations of the 
material state? Understanding the dualism between structure and state might ultimately 
show the way from the physical to the metaphysical and only then the deepest mysteries 
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of mind and consciousness might become accessible to instruments in a laboratory. For 
some those are still the most fascinating questions of all! 
APPENDICES 
A. Extension of Einstein's Approach to Statistical Physics in a Thermodynamic 
Manifold 
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In his first publication (Einstein, 1901 ), Einstein argued that an interface has its own 
specific heat decoupled from the bulk and thus it's energy should be of potential nature. 
Later on he expanded on the nature of the entropy potential by arguing that in absence of 
a complete molecular theory, the Boltzmann principle; 
S-ln(w) (1) 
is only meaningful when used in its inverted form 
w- exp(S) (2) 
where w is the probability distribution of microscopic manifestation of thermodynamic 
variables corresponding to the macroscopic entropy, S. The approach culminated in his 
explanation of critical opalescence, blackbody radiation and the origin of wave particle 
duality.(Einstein, 1909, 1910) Given the entropy potential for the air-water interface his 
approach would be as follows. 
Writing the Taylor expansion of the entropy potential S(n) up to the second order term, 
(3) 
This can also be written with matrix representation as; 
1 S = S0 (n) + j(n)fln + zflnTH(n)fln + ··· (4) 
j(n) and H(n) representing the Jacobian and Hessian of the entropy potential. 
When in equilibrium; j(x) = 0. For n = (a, i), and a hypothetical optical field cp ; 
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[ 
arr arrl 
= ~ - g: :! 
aa ai 
(5) 
Using the property of mathematical potentials 
(6) 
Invoking Einstein's mverswn of Boltzmann' s principle, one can extract the coupled 
distribution of the fluctuations. 
(7) 
The principle curvatures (k 11 k2 ) of the potential surface, given by equation (4), can be 
easily calculated for by solving the corresponding Eigen value problem. The lesser 
among the two Eigen values represents the absolute maximum curvature of the potential 
surface for a given state (fig. 31). Equation (6) implies that the probability distribution for 
microscopic fluctuations will have broadest distribution along the Eigen vector 
corresponding to the smaller Eigen value. Thus for a small deviation m any of the 
independent variables the system will most like proceed along this vector. 
One can explain the situation with the analogy of a particle representing the current state, 
moving in space tracing a certain path. One can assign a moving coordinate system to the 
particle given by the Frenet-Seret formulas. The lesser of the Eigen values, based on the 
probabilistic explanation in previous paragraph, would be substituted as the curvature in 
the formulas and the corresponding vector as the tangent. This would mean that the 
second Eigen value, being orthogonal to first, would represent torsion and the 
corresponding vector as normal and so on. Going further, one can think about the curve 
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thus formed as the path of least resistance, in the thermodynamic space. Also the tangent 
and normal at that point would lie perpendicular to the potential axis or in the plane of 
extensive observables as J(n) = 0. 
-s(x) w(x) 
?..7 
Figure 32 Entropic Potential in a Thermodynamic Manifold 
B. Calculating Pressure and Velocity from Intensity Variations 
The note explains the relationship between the mechanical and optical data. Opto-mechanical 
data can be used to correctly estimate the velocity of propagation, which is also accessible 
experimentally, showing the self consistency of the approach. 
n and I are accessible during a propagating pulse, approximating their variations as 
differentials, we get; 
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I!vr _ ( Id1r) 
-----
M dl s 
(1) 
Subscript S signifies that under ideal conditions the process would be of adiabatic nature. 
For low frequencies (herem-1Hz) we further approximate 
(2) 
Note: Here, apart from isothermal approximation, the partial derivatives (8) are also 
being approximated with total derivative (d), because experimentally, we only have 
excess to the total derivatives (drr, da, di), which can be related to the partial derivatives 
as, again assuming only two observables in area and intensity; 
dn - an + an di 
--- --
da aa ai da (3) 
The right hand side of eq.2 is calculated experimentally (Fig. Appendix D1). The 
adiabatic compressibility is defined as 
(4) 
Thus we can estimate the dynamic compressibility from the opto-mechanical data by 
using equation 1,2 and 4 
The compressibility can then be substituted in to the expressiOn previously derived 
(Griesbauer et al., 2012) for pressure pulse velocity in lipid monolayers. 
1 
c =cos(%) (5) 
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The left hand side is also accessible from pure intensity measurement. We would like to 
mention that eq. 1-3 should in general be applicable in any system but equation 4 was 
derived specifically for lipid monolayer. It is therefore highly dependent on the 
constraints and assumptions involved and should be used with caution after careful 
deliberation of the corresponding citation. 
C. Interpretation of FRET Data and Longitudinal Pulses 
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Figure 33 Optical trace of a propagating pressure pulse. (top) Temporal trace of 
absolute intensity in the 535 nm and 605 nm channels during a surface pulse at a mean 
lateral pressure of (A) 3.1mN/m , (B) 6mN/m and (C) 12.8mN/m marked by region (i) , 
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(ii) and (iii) in on the isothermal state diagram in (D) respectively obtained at 19 °C. The 
FRET variation (plots of LJ()/80) was calculated according to Eq.2 of chapter 3. The 
regions where the two signals are out of phase should represent the relative motion 
between acceptor and donor molecules (Budach & Mobius, 1989; Weiss, 1999), while the 
in-phase variations result from non-FRET processes, such as the vertical motion of the 
interface with respect to the focus of the microscope. A strong longitudinal mode is 
clearly visible in (A) even in the absolute intensities (top) with complementary rise and 
fall in the donor and acceptor signal respectively. The longitudinal mode is clearly 
weaker in (B) and (C). The data presented here is same as in figure 2 of the main 
manuscript; however note that the scale on y-axis for the pulses varies. 
A mechanical agitation of the air-water interface always leads to propagation of water 
waves. In the experiments of Mann and Hansen and later Lucassen, they justify that the 
observed perturbation are localized at the lipid interface by observing that the 
propagation characteristics depend on the interfacial elasticity. Similarly the primary 
proof here that the observed pulses are localized at the lipid interface and not just water 
waves (capillary waves) comes from the observation that the propagation velocity slows 
down in the transition region and has a minimum where the compressibility has a 
maximum. Moreover since we measure these pulses in different states, while keeping all 
other measurement parameters constant the difference in the signal in different state can 
only be attributed to change in state. In that sense given we don't see any signal in the 
liquid expanded state, while a strong sharp pulse in the transition state for the same 
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strength of excitation, is already a kind of control one would look for. In addition to this 
capillary pulses only get weaker on increasing surface pressure where as we see an 
increase in amplitude on increasing pressure. The argument with the FRET measurements 
is secondary and is based on the microscopic interpretation of FRET data. Still within this 
microscopic picture a discussion on its interpretation is helpful. A simple mathematical 
treatment addresses the particular concerns one can have regarding FRET artifacts due to 
tilting of the individual dye molecules. Forster energy transfer is a function of the 
orientation of the donor transition dipole relative the acceptor dipole and the distance 
between them. This can be represented mathematically as f (r, 'fid. /i;;). The curvature of 
the interface can affect the relative angle between the dipoles only when the wavelengths 
are comparable to the typical Forster distances between the dye molecules. Here, for an 
order estimate of the minimum wavelengths in the system, the maximum frequency of ~ 
400Hz at a minimum velocity of ~40cm/s suggests a "A ~ lmm which is >> than Forster 
radius which is of the order of 1 OA. Therefore the curvature induced by the water waves 
underneath the monolayer should not affect the FRET based measurements itself. But the 
effect due to independent tilting of the individual acceptor and donor dye molecules and 
that the corresponding intensity changes might also produce a FRET artifact needs to be 
ruled out. The following generalized analysis of the FRET parameter addresses these 
concerns, where we only look at the effect of tilting of individual dipoles with a general 
orientation due to a capillary wave of wavelength >> the Forster distance. The FRET 
parameter has been defined as; 
where ... 
dln8 = dlnld - dlnla 
!!..8 
8 
Let cp be the local tilt of the interface. Instead of rotating the interface one can simplify 
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the calculations by rotating the optical field by the same angle. Therefore in the absence 
of compression and any relative changes in the angle between donor and acceptor, 
lct = E11dcos(a + cp) 
!!..8 cos(a+cp) cos(f3+cp) 
8 cos(a) cos(f3) 
M 
= e 
cos( a). cos(f3). cos(<p)- sin( a) . sin(<p). cos(f3)- cos( a). cos(f3). cos(<p) + sin(f3). sin(<p). cos(a) 
cos(a). cos(f3) 
!!..8 
8 
= 
- sin(a). sin(cp). cos(f3) + sin(/3). sin(cp). cos(a) 
!!..8 
8 = 
cos(a).cos(f3) 
sin(q>). cos(~- a) 
cos(a).cos(f3) 
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The expression gives a generalized expression for the effect of optical field ' s 
orientation on the FRET parameter defined here. For capillary waves <p would be 
very small giving 
fj.(} 
lim<fl .... O(} = 0 
Therefore, such artifacts although present, would be negligible. 
Finally the aim is not to avoid the excitation of capillary (transversal) modes, but to 
observe the solitary phenomenon at the interface due to nonlinear compressibility. The 
decoupling achieved by our detection method (in measurement only, capillary pulses still 
exist weather we chose to look at them or not) helps us to better appreciate the relation 
between nonlinear compressibility and the solitary phenomenon. 
D. Calibration Data for Dyes and Self Quenching 
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Figure 34 Opto-mechanical coupling coefficient. Intensity and surface pressure as a 
function of area per molecules for a DP PC-NBD monolayer during a quasi-static 
compression. The plateau in the pressure curve, which represents the LE-LC coexistence 
region, is correlated with an abrupt but steady rise in intensity indicating intensity is 
most sensitive to small pressure variations in this region of the state diagram . The 
intensity plot also represents a transition around 57 A2 which is not easily identified in 
pressure data and is most likely the well documented tilted- untilted transition (Kaganer, 
Mohwald, & Dutta, 1999). The drop in intensity towards the small surface areas most 
likely results from self quenching of the dyes as discussed later. 
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Figure 35 Coupling Coefficient K(1C,T)=-(Al/I)/(AAIA) for DPPC/NBD-PE system (1%) 
at T=2rC. The peak value of 30 corresponds to the transition pressure of 7.3mN/m 
indicating strongest coupling between area and intensity at the transition. The peak value 
of 30 corresponds to the transition pressure of =7.3mN/m. The coupling coefficient, K, is 
a function of pressure and temperature of the interface. For the non equilibrium 
calculations, K obtained under isothermal conditions was used to obtain Ksfrom !f!s under 
the quasi-static approximation. 
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Figure 36 Intensity-Area isotherms. Intensity plotted as a function of area per molecule 
for isotherms of DP PC-NBD monolayer. That the slopes during transition are conserved 
(fig. 3b) is elaborated here by the parallel nature of the curves. This graph is essentially 
the projection of the 3D state diagram of figure 3 on the [I-A} plane. Except in the 
isotherm at 27 °C, where before the transition there is a drop in intensity, the intensity 
mostly increases monotonically with decreasing area per molecule. Among the presented 
data, the transition occurs at the least value of area per molecule for 2 7 o C. 
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Figure 37 Self-quenching in NBD dyes. DMPC-NBD intensity-area isotherms for a 
temperature range of 5 to 14 C. The quenching effects are much more pronounced in 
DMPC-NBD system as compared to DP PC-NBD system. On top is the plot for 
monolayers with 0.1% NBD. The bottom plot is for NBD concentration of 1% by mole. 
For the 10 fold increase in concentration of the dye molecule, intensity doesn't go up by 
a proportional amount although the order of magnitude is correct. This is the first 
evidence that there is a concentration dependent quenching in the dye. The increase in 
concentration amplifies drop in intensity before transition. In both the figures, the effect 
becomes more dominant as the transition moves to lower area per molecule (marked with 
solid arrow). The beginning ofthefirst decrease in intensity (marked with dashed arrow) 
on the other hand seems to be independent of temperature for the given range. On 
comparing with DPPC in figure S2 the self quenching effects are much more prominent 
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in DMPC, which has a smaller area per molecule. The self quenching in NBD molecules 
is rather strong as a pure monolayer consisting only of NBD conjugated lipid molecules 
has negligible intensity response. (data not shown) 
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Figure 38 State dep endence of the coupling is conserved f or different dyes. Intensity as 
a function of lateral pressure for DMPCIBODIPY(left) and DMPC/Texas Red (right) 
(both had 0.1% dye by moles) at several different temperatures. The arrow marks the 
direction of increasing temperature. The intensity goes through an abrupt increase as a 
function of surface pressure, same as in NBD. It is repeatable for transitions at several 
different temperatures for each dye. After accounting for the dip in intensity in BODIPY 
at higher pressures, the nature of the response of these dyes is qualitatively similar to 
NBD overall as well. Although the opto-mechanical coupling is a property of the state of 
the interface, the absolute magnitude and the sign of the coupling coefficient k depends 
on the particular lipid-dye system. 
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E. Frequently Asked Questions and Criticism (Excerpts from rebuttal letters) 
Does this work claim to disprove Ionic Hypothesis and prove that action potentials 
are solitary sound waves? 
This is incorrect and we'd like to avoid this interpretation. The goal of this work is not 
"to jump from solitary wave propagation to action potentials" but to provide evidence of 
solitary elastic pulses in a hydrated lipid monolayer completely determined by the state of 
the interface. Only after completely establishing the nature of the observed solitary pulse 
we emphasize those properties of the pulse that show striking similarities to the physical 
nature of action potentials (AP) in nerve membranes: i) it is all or none, meaning has a 
threshold excitation just like action potentials (APs), ii) it resembles the velocity range of 
many real action potentials (non-myelinated nerves, Algae' s etc.) iii) the shape of the 
pulse has a striking similarity with the action potential of the squid (see Fig. R1 below) 
and iv) the observations fulfill the criteria of opto-electro-mechano-thermal coupling also 
observed during an action potential. A discussion of our results in the context of nerve 
pulse propagation is therefore not only natural, but obligatory considering the ongoing 
discussion on the physical origin of nerve pulse propagation (Heimburg & Jackson, 2005) 
and the extensive experimental work of Tasaki and others (Howarth & Keynes, 1975; 
Kobatake, Tasaki, & Watanabe, 1971b; Tasaki , 1982). 
Nevertheless, the result of our discussion is clearly in favor of an acoustic theory of nerve 
pulse propagation, but we do not claim to have final proof. 
Showing a solitary wave propagation in a monolayer of lipids is not proving 
anything on double layer, membrane and transmembrane protein filled, of lipids, 
with a cytoskeleton etc. 
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Our approach tackles the problem from a physical perspective. As such our goal is not to 
perfectly mimic the geometry or material composition of a nerve, a muscle or a plant cell 
that all contain APs. Indeed we have doubts about such an approach, since "identical 
composition and/or geometry" is not at all equal to "identical physical properties" (e.g. 
water vs ice) and our results clearly demonstrate that the origin of the solitary pulses is 
the non-linearity in the interface susceptibility and not the composition. Along those 
lines, we see no physical reason to believe that another composition with a qualitative 
similar set of susceptibility profiles would lead to different results. In simple terms, the 
system is physically characterized by the experimentally accessible phenomenology (the 
diagram of state) and the molecular constituents are not relevant. This is part of what we 
refer to as "a thermodynamic approach" (see also reply 4.) and we would like to point out 
that such an approach also opens the door to explain action potentials in muscles, Algea 
(where they have been originally discovered) or the Venus trap with completely different 
composition than nerve cells. Any approach that attempts to mimic the composition 
rather precisely would fail in explaining the wide variety of action potentials existing. 
Finally, showing a solitary pulse in a monolayer proves that a 2D hydrated interface can 
support the nonlinear acoustic phenomenon that was only a theoretical prediction so far. 
Jackson and Heimburg predicted 2D solitons (a special case of solitary pulses) near a 
thermodynamic transition and we show that such solitary pulses indeed exist. Moreover 
we show that these pulses can show a threshold behavior all based on the nonlinearity in 
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the compressibility of the interface, a macroscopic emergent property of the interface. 
This also means that the approach is independent of what lipids or for that matter, 
proteins, constitutes the monolayer as long as we have similar nonlinearities in the state 
diagrams. Once we have established the results for a monolayer, the relation to billayer 
is direct (please see reply 5). Quantitatively the numbers might differ but qualitatively the 
physics remains the same. 
Proving that there can be wave propagation in the lipid layer does not prove 
anything about biological media, hence the results are irrelevant unless they are 
shown to work for a neuron or at least neuron like artificial system. 
Materials are not the point here. If a clear relation between the propagation of 
sound, say in pure oxygen, and the elastic properties of oxygen gas can be 
established, it seems ludicrous to say I have learned nothing about the sound 
propagation in air, which has a completely different composition of molecules. Of 
course, this is the strength of a macroscopic/continuum or thermodynamics 
approach. In this context, we urge you to recall, what is often forgotten , namely 
that the AP in the squid has a wavelength of several centimeters!!! and is 
therefore clearly a macroscopic phenomenon. The approach we and others take 
here (Andersen et al. , 2009; Kobatake et al. , 1971a; Matsumoto & Tasaki , 1977; 
Tasaki , 1982, 1995) seems therefore completely justified and we certainly 
disagree with the statement: "Proving that there can be wave propagation in the 
lipid layer does not prove anything about biological media". More details follow. 
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• Why stop at Neuron? There are many non-neuron-based systems with APs (e.g. 
Algae, muscles (heart cells) and many more. Even if we create a membrane with 
Neuron extracts, who guarantees they will organize and assemble in the same 
fashion? Material specific approaches will therefore fail. Instead, we choose an 
approach, which is based on the physical state of a 2D interface and not on the 
material. But, this lab recently published a paper (86) (2012), (Griesbauer et al. , 
20 12b) that may help to convince the reader of the relevance. There, it was 
shown, that pressure pulses propagate simultaneously with voltage pulses across 
the interface of a pork brain lipid extract. But to be clear, our argument is based 
on the fundamental relationship between an emergent property of the system such 
as elasticity and propagation of sound which we show leads to solitary pulses due 
to a nonlinearity near a transition point. As such proteins can only alter the state-
diagrams and hence the elasticity of the medium but not negates the physics 
between elasticity and sound propagation, unless one thinks that a membrane 
cannot have nonlinear elasticity in the presence of proteins. Nonlinearities in 
thermal susceptibilities are indeed extensively observed in native biological 
membranes (Georgescauld et al. , 1979; Heimburg & Jackson, 2005; Melchior & 
Steim, 1976) and for understanding sound propagation, as discussed, further 
molecular details are irrelevant at this point. 
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